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Abstract 
 
Redox-Enhanced Electrochemical Capacitors: 
Electrolyte Design and Device Engineering 
 
by 
 
Brian William Evanko 
 
Electrochemical energy storage is increasingly important as the world 
decarbonizes and electrifies. Research in this area requires compromise between 
properties that are often mutually exclusive, including power, energy, lifetime, 
efficiency, operating temperature, safety, and cost. Electric double layer 
capacitors (EDLCs) exhibit high power and outstanding cycle life compared to 
secondary batteries, but have low specific energy, limiting applications. Redox-
enhanced electrochemical capacitors (redox ECs) are a class of augmented 
electric double-layer capacitors utilizing reversible redox reactions of soluble 
redox couples in the electrolyte to add faradaic charge storage. These systems 
offer increased energy density, efficient power delivery, and simple construction.   
 
  
 
xii 
We study a range of redox-active electrolytes to clarify operating 
mechanisms and formalize design rules for high-performance. Our investigations 
focus on dual-redox ECs, which attain higher energy density by employing a pair 
of distinct redox couples, with each operating at a different electrode.  Simplicity 
is important both in terms of the mechanistic aspects of the electrochemical redox 
chemistry and for system cost considerations. A single ionic molecular entity that 
intrinsically delivers both distinct redox couples is preferable over two separate 
redox-active electrolytes. In this context, we have identified specific viologen 
bromide salts as particularly promising aqueous redox-active electrolytes for 
dual-redox ECs. While charging, Br– is oxidized to Br3– at the positive electrode 
and the viologen dication (V2+) is reduced to the stable monocation radical (V+•) 
at the negative electrode. The reverse processes occur during discharge, 
providing a high-capacity faradaic discharge plateau and attaining an energy 
density of ~20 Wh/L.  
The viologen bromide system shows unusually high Coulombic efficiency 
and low self-discharge rates for an aqueous redox-EC. This was initially 
attributed to strong adsorption of the Br3– and V+• to the activated carbon 
electrodes, but a more detailed analysis confirms that the behavior is due to two 
electroprecipitation mechanisms. In these mechanisms, each ion acts as a charge-
storing redox couple at one electrode and as a complexing agent at the other 
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electrode. The processes are highly reversible and cells show negligible capacity 
fade even after 20,000 cycles. The devices use conventional activated carbon 
electrodes, and because crossover is not a concern and self-discharge is 
suppressed, a simple inexpensive cellulose separator is sufficient and more costly 
ion-selective membranes are not required.  
Based on our understanding of solid complexation in redox ECs, we studied 
in detail the confinement of charged redox species in porous electrodes with 
liquid-to-solid phase transitions to mitigate self-discharge. We demonstrate that 
in addition to viologens, tetrabutylammonium cations induce reversible solid 
complexation of Br2/Br3–. This mechanism slows cross-diffusion of Br3–, 
stabilizes the reactive bromine generated during charging, and can be broadly 
used as a positive electrode to balance the capacity of a wide variety of 
pseudocapacitive or battery-type negative electrodes.  
In the final component of this work we consider the challenges of scaling up 
these systems for practical application. We address corrosion of metallic current 
collectors, which is a common device design challenge for high-power aqueous 
electrochemical energy storage devices, by designing a bipolar pouch cell using 
electrochemically stable carbon-polymer composite current collectors. In order 
to show the versatility of this approach, we construct a high-power redox 
EC/battery hybrid using a zinc metal anode and an activated carbon cathode with 
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tetrabutylammonium-complexed bromide catholyte. This system achieves 
excellent power and energy performance, with negligible capacity degradation 
over  more than 3000 cycles. 
Throughout the dissertation we compare the performance and properties of 
our dual redox ECs to those of the current state-of-the-art conventional energy 
storage systems and other redox-enhanced energy storage systems and we close 
with comments on economic analysis and the future of redox enhanced 
electrochemical capacitors. 
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Chapter 1 
 
Introduction 1  
                                         
The contents of this chapter have substantially appeared in the following 
reference: B. Evanko, S. W. Boettcher, S. J. Yoo and G. D. Stucky. “Redox-
Enhanced Electrochemical Capacitors: Status, Opportunity, and Best Practices 
for Performance Evaluation,” ACS Energy Lett. 11, 2581, 2017 
  2 
Redox-Enhanced Electrochemical Capacitors 
Energy production and consumption is rapidly changing worldwide to create 
sustainable energy systems. The displacement of coal on the electric grid by solar 
and wind power is well underway and the replacement of petroleum in the 
transportation sector with electric vehicles is beginning. These changes offer the 
possibility to waste less energy as heat in inefficient thermodynamic cycles, 
prevent combustion products from accumulating in the atmosphere, and simplify 
energy distribution by sending electrons over the grid instead of moving chemical 
fuels. One core technology needed to realize the efficiency improvements, 
environmental benefits, and economic advantages of these changes is improved 
electrochemical energy storage.  
Secondary batteries are well-suited for storing energy, but many applications 
require higher power than batteries can deliver. Electrochemical capacitors 
(ECs), members of the capacitor family that use liquid electrolytes in place of 
solid dielectrics, are more suitable for high power applications. Electric double-
layer capacitors (EDLCs), interchangeably referred to as supercapacitors or 
ultracapacitors, are the most-commercialized subset of ECs. EDLCs consist of 
two high-surface-area electrodes coated onto metallic foil current collectors, 
placed on either side of a porous, electron-insulating separator, and saturated with 
an aqueous, organic, or ionic liquid electrolyte. During charging, the positive and 
  3 
negative electrodes accumulate oppositely charged ions at the interfaces between 
the electronic conductors (e.g., high-surface-area carbon) and the ionic conductor 
(the electrolyte) and create electric double-layers that store energy in the resulting 
electric fields. This charging mechanism based on electrostatic interaction 
enables EDLCs to fully charge or discharge in seconds with device-level specific 
power as high as 10 kW/kg.1 EDLCs also have calendar lifetimes on the order of 
decades and can cycle millions of times with minimal performance loss. These 
advantages compare favorably with secondary batteries, which typically have 
low specific power (<0.5 kW/kg) due to the inherent diffusion and kinetic 
limitations of bulk solid-state electrode materials as well as limited cycle life.2 
Several excellent reviews of EDLCs can be found elsewhere.3–5 
The combination of high power and long-term stability makes EDLCs useful 
in a wide array of applications ranging from utility-scale grid services to hybrid 
vehicles to consumer electronics.6 Future applications, however, are constrained 
by the low specific energy of EDLCs (power and energy density for EDLCs and 
secondary batteries are compared in the Ragone plot in Figure 1). The high 
power, low energy performance of EDLCs locates them in the quadrant opposite 
to batteries in the Ragone plot. EDLCs and batteries are thus sometimes 
integrated in tandem in modules, with the former providing power and the latter 
providing energy. Constructing these systems requires at least three components 
  4 
– an EDLC, a battery, and power conversion electronics to independently manage 
the two electrochemical energy storage devices. Because a multi-component 
system increases design and manufacturing complexity, costs more, and has 
higher mass and volume, current research in ECs aims to achieve battery-level 
energy combined with capacitor-level power and cycle life in a single device. 
Such ECs could transition from augmenting battery systems to displacing them. 
In an automotive engine start-stop application, for example, the ideal system 
would not only start the engine reliably for many years, but also store sufficient 
energy to run auxiliary devices while the engine is off – fully supplanting the 
traditional battery. Other applications are expected to arise if advanced ECs are 
developed that occupy the empty, valuable positions in the high-power, high-
energy region of the Ragone plot.  
In order to increase the energy storage of ECs, a number of systems have been 
developed that utilize different charge storage mechanisms beyond electric 
double-layer capacitance. The most common approach is the incorporation of 
solid-state electrode materials that employ fast faradaic redox reactions.7–9 These 
materials include redox-active polymers, transition metal oxides and hydroxides, 
which are created using a wide array of synthetic routes to achieve different 
nanostructures. Collectively, ECs utilizing these materials are known as 
pseudocapacitors. 
  5 
 
 
Figure 1. Ragone plot of electrochemical energy storage devices. Device-level 
power and energy density for electric double-layer capacitors (EDLCs), 
pseudocapacitors, secondary batteries, and redox-enhanced electrochemical 
capacitors (Redox ECs). Diagonal lines correspond to different charge/discharge 
times and the corresponding C-rates. 
 
The successful development of solid-state redox-active electrode materials 
has inspired the expansion of the concept to include liquid-state redox-active 
electrolytes. Redox-active electrolytes augment the ‘electrochemically inert’ 
electrolyte of a conventional EDLC with soluble redox couples to add faradaic 
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charge storage in addition to electric-double layer capacitance. These redox-
enhanced electrochemical capacitors (redox ECs) utilize the dead weight of the 
inert electrolyte and wasted pore volume in the electrodes as a reservoir for redox 
couples to supply extra capacity and enhance the energy density of ECs. 
The utilization of liquid redox-active materials has several advantages: (1) 
The approach is easily scalable because active materials are simply dissolved into 
the existing electrolyte. (2) Simple-to-fabricate electrodes, such as commercially-
available activated carbon, can be used, avoiding complex synthesis of 
nanostructured solid-state redox-active electrode materials. (3) High-power 
performance is maintained because the redox reactions occur over a large 
electrode surface area and are not limited by solid-state diffusion. (4) With the 
design of custom organic redox-active molecules, one can tune the solubility and 
redox potential by changing the chemical structure.   
This chapter provides a brief introduction to the emerging field of redox ECs. 
We highlight some notable successes, discuss outstanding problems, and present 
recent developments in the context of the different strategies used to suppress 
self-discharge and improve Coulombic and energy efficiency. Finally, we 
comment on best practices for device characterization and performance 
evaluation, and examine future directions for the field.     
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Operational principles of redox ECs 
Redox-ECs store energy through electric double-layer capacitance, like 
EDLCs, but add additional capacity using faradaic redox reactions of soluble 
redox couples at the electrode/electrolyte interface on high-surface-area 
electrodes. As redox ECs charge, a redox-active electrolyte at the positive 
electrode (catholyte) is oxidized, and a redox-active electrolyte at the negative 
electrode (anolyte) is reduced, as shown in Figure 2a. During discharge the 
reverse processes occur (Figure 2b). Electrons flow to or from the redox couples 
across the electrode/electrolyte interface, and current moves in and out of the 
device via current collectors. The separator is placed to provide electronic 
insulation between the two electrodes but maintain ionic conductivity. In many 
cases the electrolyte is homogeneous in the discharged state, with anolyte and 
catholyte fully miscible throughout the entire cell.  
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Figure 2. Energy storage mechanisms in a redox EC. Redox EC under (a) 
charge and (b) discharge conditions utilizing the electric double-layer for 
capacitive charge storage, as well as reduction and oxidation of the anolyte (A) 
and catholyte (C) redox couples in the electrolyte for faradaic charge storage. 
Comparison of the theoretical (c) 3-electrode cyclic voltammograms and (d) 2-
electrode galvanostatic charge/discharge potential profiles of a battery, an EDLC, 
and a redox EC. (a) and (b) are modified from Reference 30, with permission.  
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Figure 2c shows a comparison of the typical 3-electrode cyclic 
voltammograms (CVs) of a traditional secondary battery, an EDLC, and a redox-
EC. The CVs highlight notable differences in the operating mechanisms that 
result in the different galvanostatic charge/discharge (GCD, often referred as 
constant-current charge/discharge) potential profiles shown in Figure 2d. 
Secondary batteries have well-defined redox peaks from the anode and cathode 
redox half-reactions in the CV. The potential difference between the two redox 
half-reactions gives rise to a relatively constant cell potential (Ecell) in the GCD 
potential profile. In contrast, EDLCs have a characteristic rectangular CV, due to 
the electrostatic accumulation of ions at the electrode/electrolyte interface, that 
translates to a linearly rising (charging) or falling (discharging) GCD potential 
profile. Importantly, the CV for redox ECs exhibits features of both a secondary 
battery and an EDLC simultaneously. Redox ECs therefore exhibit both linear 
and plateau regions in the GCD potential profile, reflecting the presence of both 
capacitive and faradaic charge storage mechanisms in a single system. Because 
redox ECs have well-defined redox peaks on the CV as well as a non-linear GCD 
potential profile, they are not considered to be pseudocapacitors and should be 
defined as hybrid systems.10,11    
The different operating mechanisms of electrochemical energy storage 
devices influence their respective power-energy performance. Figure 3 compares 
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the two-electrode discharge profiles of an EDLC and a redox EC. Energy 
delivered is proportional to the area under the time-voltage curve (and equal to 
the area under the time-power curve) under constant-current discharge 
conditions. The redox EC has a higher specific energy compared to an EDLC. In 
addition to increased energy, a redox EC can provide a steadier power output. 
Instantaneous power, Pinst, as opposed to average power or matched impedance 
power, is the product of current and voltage (P = I × V) and therefore varies at 
different points in the discharge process.12 An EDLC has a linear potential-time 
response, so power decreases steadily with time under constant-current 
conditions. As most energy storage applications demand constant power, an 
EDLC must supply increasing current as it discharges to compensate for the 
continuously dropping potential.6 Once an EDLC has discharged below 50% of 
its maximum voltage, the remaining capacity is essentially unusable because of 
limitations on the power electronics and increasing IR drop associated with the 
high currents needed to maintain constant power. As a result, ~25% of the 
EDLC’s theoretical energy is not practically useful.13 Unlike EDLCs, redox-ECs 
maintain a flatter voltage plateau with a potential equal to the difference between 
the faradaic half reactions of the catholyte and anolyte (Figure 3). The steady 
output voltage allows redox ECs to provide more-constant power for most of the 
discharge profile, which is a significant advantage over EDLCs that would 
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require a DC–DC converter to modify their output voltage. Additionally, the 
unusable fraction of the energy at low voltage is a much smaller fraction of the 
total energy for redox ECs. These characteristics make redox-ECs an easier drop-
in replacement for applications currently using secondary batteries, and 
simplifies the design of, or eliminates, the need for power-conversion electronics. 
 
 
Figure 3. Discharge profiles of an ideal EDLC and redox EC. As the devices 
discharge, the power produced by the EDLC steadily decreases while the power 
from the redox EC remains relatively constant. At low voltages, the remaining 
energy is difficult to usefully extract, so the practically available energy (shaded 
areas) is lower than the theoretical stored energy (the full area under each 
discharge curve). In this figure, it is assumed that both devices are constructed 
with identical electrodes and discharged at the same rate.  
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Demonstrated state of the art 
 To date, most redox-active electrolytes have been aqueous. Aqueous 
electrolytes offer high power (high ionic conductivity), safety (non-flammable), 
and simple manufacture (aqueous devices do not require dry rooms for 
fabrication). The disadvantage of aqueous systems is a low operating potential 
(the thermodynamic electrochemical stability window of water is 1.23 V and ~ 
1.5 V in practice due to slow water oxidation/reduction kinetics).14,15 Redox-
active electrolytes can compensate for this low voltage by providing a high 
capacity. The first reported redox-active electrolytes for aqueous redox ECs were 
alkali metal iodide salts, which perform well in both neutral and alkaline 
conditions.16–18  Other early work explored hydroquinone (HQ) in sulfuric acid, 
followed shortly thereafter by methylene blue.19,20 Many other families of redox-
active molecules have been investigated in aqueous redox ECs, including halides, 
transition metals (Cu, V, Fe, etc.), inorganic and organometallic complexes 
(metal bipyridine complexes, ferricyanide, etc.), and organic molecules 
(viologens, quinones, etc.).21–23 A summary of select reported redox-active 
electrolytes and the corresponding redox potentials is presented in Figure 4.  
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Figure 4. Reduction potential and demonstrated volumetric capacity for 
selected aqueous redox couples used in redox ECs, flow batteries, and redox 
batteries. The redox-active electrolytes illustrated in red, purple, and blue 
operate in acidic24–27, neutral28–37, or basic38 conditions, respectively. The 
thermodynamic stability window of water at different pH values is provided for 
reference. Chemical abbreviations: DHAQ, 2,6-dihydroxyanthraquinone38; EV, 
ethyl viologen32; MV, methyl viologen30; PV, pentyl viologen31; HV, heptyl 
viologen30; AQDS, 9,10-anthraquinone-2,7-disulphonic acid25; FcNCl, 
(ferrocenylmethyl)trimethylammonium chloride33; HQ, hydroquinone26; 
TEMPO, 2,2,6,6-tetramethylpiperidin-1-oxyl [(-OH), 4-hydroxy-TEMPO34; (-
SO4), TEMPO-4-sulfate36; (-NMe3), 4-trimethylammonium-TEMPO35]. All 
organic molecules are shown in the discharged state. 
 
When a single redox couple (either catholyte or anolyte) is added to the 
electrolyte, device performance improvement tends to be modest in comparison 
to EDLCs. Although one electrode has excellent capacity owing to the added 
redox-active electrolyte, the counter electrode is still a purely capacitive EDLC 
with lower capacity that limits overall device performance. If both electrodes 
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have equivalent mass, the potential of the capacitive counter electrode will reach 
the edge of the electrolyte voltage stability window before the redox-enhanced 
electrode is fully charged (Figure 5a, left). If the capacitive electrode is 
significantly oversized to match the capacity of the redox-enhanced electrode, 
the increased device mass (or volume) will decrease the mass-normalized energy 
(as well as the energy density). Therefore, in order to truly realize the promise of 
redox-active electrolytes, redox ECs must concurrently utilize two separate redox 
couples, a catholyte and an anolyte, each of which acts at a different electrode 
and matches the redox activity of the other. This configuration is known as a 
dual-redox EC (Figure 5a, right). It is also possible to match a redox EC electrode 
with a battery-type or pseudocapacitive counter electrode in a hybrid device.29,39  
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Figure 5. Balancing the capacity of a redox EC electrode. (a) Galvanostatic 
charging potential profiles for a redox EC electrode with an EDLC counter 
electrode of equal mass, an EDLC counter electrode with four times higher mass, 
or another redox EC electrode of equal mass (dual-redox EC). (b) The energy 
stored by each combination is proportional to the area under the resulting full-
cell potential profiles. (c) The relative total and normalized (gravimetric or 
volumetric) energy stored by systems with an EDLC counter electrode is much 
less than the dual-redox EC configuration. 
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The most important principle for designing dual-redox ECs should be the 
selection of redox-active electrolytes. Briefly, these redox couples should have 
(1) high solubility, (2) reversible electron-transfer kinetics, (3) compatibility 
when intermixed, (4) long-term cycling stability, and, ideally, (5) a standard 
redox potential close to the oxygen evolution potential (for the catholyte) and 
near the hydrogen evolution potential (for the anolyte). The first report of a dual-
redox EC used VOSO4 as a redox-active anolyte and KI as a redox-active 
catholyte.28 Other notable dual-redox EC examples use anolyte/catholyte pairs of 
viologen/bromide,30–32,40 tin/vanadium,24,41 and hydroquinone/methylene blue.42 
Three-electrode GCD profiles for select systems (Figure 6) show electrochemical 
behavior that transitions from capacitive to faradaic at both positive and negative 
electrodes during charging/discharging. Typically, single-redox ECs have a 
specific energy of 10-30 Wh/kg, while dual-redox ECs range from 40-80 Wh/kg 
(based on the mass of electrodes only). These examples support the idea that 
energy optimization through redox-active electrolyte engineering is best-
achieved using dual-redox EC systems.  
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Figure 6. Experimental GCD potential profiles of reported devices. Literature 
reports of dual-redox ECs with (a) 0.75 M SnSO4 anolyte/2 M VOSO4 catholyte 
and (b) 1 M PVBr2/3 M NaBr (PVBr2; pentyl viologen dibromide) mixed 
anolyte/catholyte electrolyte. Potential profiles from 3-electrode cells show a 
transition from capacitive to faradaic charging for the positive electrode, negative 
electrode, and total (full) cell. Reprinted with permission from (a) Reference 41 
– Published by the Royal Society of Chemistry and (b) from Reference 31. 
Copyright 2016 American Chemical Society. 
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Critical challenges facing the realization of high-
performance redox ECs  
Despite the many literature reports and the advantages stated above, redox 
ECs have not been commercialized and there are significant hurdles to overcome. 
In fact, the primary advantage of redox ECs, i.e., the storage of energy by soluble 
redox couples, presents a major challenge for practical applications. Large 
amounts of stored energy can quickly dissipate as the dissolved charged redox 
species diffuse across the cell and shuttle charge between the dissimilarly charged 
electrodes by exchanging electrons with the electrode surface or other redox 
couples (redox shuttling). These effects result in self-discharge, as illustrated in 
Figure 7. Many redox-active electrolytes, such as hydroquinone/benzoquinone or 
ferricyanide/ferrocyanide, improve specific energy during high-rate cycling tests, 
but are unable to hold significant amounts of charge for long periods of time 
(beyond seconds to minutes).30,43 This electrolyte behavior severely limits 
practical applications, causing low Coulombic efficiency, fast self-discharge, and 
irreversible side reactions when oxidized catholyte and reduced anolyte intermix 
during mutual cross-diffusion. In order to fundamentally address these issues, the 
suppression of cross diffusion and redox shuttling is critically important. To date, 
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several design strategies for selective separation of catholyte and anolyte and 
mitigation of self-discharge have been developed, as discussed in detail below.  
 
 
Figure 7. Schematic illustration of self-discharge mechanisms. Self-discharge 
is caused by cross-diffusion and redox shuttling of charged redox couples 
(anolyte and/or catholyte) between the oppositely polarized electrodes in the cell. 
This unfavorable electron transfer can occur both at the electrode/electrolyte 
interface and between charged redox species in solution. 
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Ion exchange membranes. In order to avoid rapid self-discharge, most 
redox-active electrolytes require an ion exchange membrane (IEM) to separate 
the two half cells. Examples include VOSO4/SnSO4 (anion exchange membrane), 
K3Fe(CN)6 (cation exchange membrane), hydroquinone (Nafion), and KI/VOSO4 
(Nafion).28,37,41,42 This strategy is commonly used with redox flow batteries, as 
IEM’s provide an effective solution to block the migration of the “liquid” redox-
active electrolyte. However, although redox ECs are similar to redox flow 
batteries in the sense that electric charge is stored by redox processes in a redox-
active electrolyte, this approach is not currently practical for (non-flow) redox 
ECs due to the different system architectures and cost issues. For example, the 
economics of IEMs may be acceptable for flow batteries because the cost of other 
passive materials (i.e., pumps, storage tanks, flow meters, etc.) are comparable 
and the cost of the IEM is normalized by the energy of a large volume of redox-
active electrolyte. However, this cost justification does not apply to redox ECs, 
constituting a significant hurdle for commercial development. We base this claim 
on calculations for a hypothetical device with generous performance 
assumptions. This device is comprised of two electrodes, each with a mass 
loading of 25 mg/cm2 and specific energy of 100 Wh/kg, normalized to the 
combined mass of both electrodes (for reference, typical electrode mass loading 
is <10 mg/cm2 and the highest reported energy for a redox EC is ~75 Wh/kg). 
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Such a device would store energy with an areal density of 5 mWh/cm2. Anion 
exchange membranes currently cost approximately $50/m2 and Nafion cation 
exchange membranes cost approximately $500/m2, so these membranes alone 
would contribute $1000/kWh to $10,000/kWh, respectively, to the cost of a redox 
EC.34,44 Therefore, in view of practical applications, ignoring this exorbitant cost 
of separators will result in significantly underestimating the true cost (in $/kWh) 
of reported devices. However, given the effectiveness of ion-selective 
membranes in suppressing cross-diffusion, this approach remains promising if 
inexpensive membranes can be developed. Membrane improvement is therefore 
an ongoing challenge for both redox ECs and redox flow batteries.   
 
Electrostatic attraction and physical adsorption. Following the first dual-
redox EC work on KI/VOSO4 electrolyte with an ion-selective separator, we 
studied a similar system with cellulose filter paper replacing Nafion as the 
separator.45 We found that the cell does not need the ion-selective membrane as 
a separator for short-time-scale energy storage. We proposed that the charge-
storing products of I– oxidation (I3–) and VO2+ reduction (V3+) remain 
electrostatically attracted to their respective positively and negatively charged 
electrodes, suppressing cross-diffusion.  
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We later studied the self-discharge mechanisms in more detail, comparing the 
behavior of redox-active electrolytes with varying chemical structure and 
electrical charge.30 For example, we found exceptionally slow self-discharge 
rates for iodide (I–/I3–) and bromide (Br–/Br3–) catholytes in comparison to more-
negatively charged ferrocyanide (Fe(CN)64–/3–) at the positive electrode. 
Similarly, methyl viologen (MV2+/MV+•) anolyte had much slower self-discharge 
rates than more-positively charged ruthenium hexamine (Ru(NH3)63+/2+) at the 
negative electrode. These comparative studies show that retarded self-discharge 
cannot be explained purely by electrostatics. Further adsorption tests with 
activated carbon suggested that physical adsorption of the charged form of the 
redox couples onto the electrodes was the primary mechanism preventing self-
discharge. This work is detailed in Chapter 2. 
 Tuning the pore size of activated carbon electrodes can further slow self-
discharge with an iodide catholyte.29 The ideal pore size for an iodide catholyte 
was found to be 7-8 Å, and the concept of optimizing porosity for other redox 
couples is likely possible. In the past decade, a significant finding for EDLCs was 
that matching micropore size to desolvated ion radius improved capacitance.46 A 
similar advance may now be possible with redox ECs, this time to improve self-
discharge performance rather than capacitance.  
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Solid complexation. In 2014, the concept of using an immobilized redox-ion 
on the electrode surface to limit self-discharge was proposed using the Cu2+/Cu 
couple.43 We explored a related concept of reversible solid complexation, which 
prevents redox shuttling by causing oxidized catholyte or reduced anolyte to 
precipitate as a solid.31 We chose viologen (V) and bromide redox species and 
found that during charging at the positive electrode the oxidized bromide (Br3–) 
forms an insoluble complex with the viologen dication (V2+), and at the negative 
electrode the reduced viologen cation radical (V+•) forms an insoluble complex 
with a bromide anion (Br–). Upon discharge, these solid complexes dissolve back 
into the electrolyte. Understanding this process enabled the design of system with 
high Coulombic efficiency (99.9 %) and a slow self-discharge rate (77 % energy 
retention after 6 h at open circuit) with a pentyl viologen/bromide electrolyte 
without using a costly ion-selective separator. Because the electrolyte is 
homogenous throughout the cell in the discharged state and the two electrodes 
are identical, the symmetric cell can be charged in either polarity, i.e., 
“backwards” without damaging the device. This V/Br system is therefore 
resistant to over-discharge, which is important when stacking individual cells into 
packs or modules. This system is presented in Chapter 3. 
In the following work, detailed in Chapter 4, we proposed a simple and 
general approach to utilize high-performance bromide catholyte using a non-
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redox-active tetrabutylammonium cation (TBA+). Our study shows that the 
charged Br3– is efficiently retained inside carbon pores as a [TBA+·Br3–] solid 
complex. Compared to the uncomplexed case without TBA+, this approach 
slowed self-discharge of cells using bromide catholyte dramatically, increasing 
the energy remaining after 10 h at open circuit from 1% to 50%. This combination 
of catholyte and complexing agent should be widely applicable for use with other 
anolytes and anodes, acting as a platform for future devices using redox-active 
electrolytes. 
 
Other approaches and future strategies. There are other methods to 
suppress self-discharge beyond identifying redox-couples that strongly adsorb or 
precipitate in the charged state. One report used a size exclusion membrane 
(volume-selective semi-permeable dialysis tubing) as the separator with bulky 
polymer redox couples (sulfonated polyaniline).47 Another concept uses a 
biredox ionic liquid where a large organic anion and cation are functionalized 
with anthraquinone and TEMPO moieties, respectively, as redox-active 
electrolyte.48 This system minimizes self-discharge and leakage current by 
retaining the bulky redox couples in the pores with the help of a highly viscous 
electrolyte. Finally, there is redox EC work where the charge-storage 
mechanisms likely prevent redox shuttling but the self-discharge was not 
  25 
reported. One such example is the use of a Cu2+/Cu+ redox couple in nitric acid, 
where Cu+ reversibly binds to the electrode by complexing with a Cl– anion and 
a carbonyl group on the carbon surface.27 Revisiting this and other past work to 
analyze self-discharge suppression may be useful. 
Despite these strategies, the self-discharge rates of redox ECs in general are 
still non-negligible. It is critical that researchers in this area continue to 
investigate new and innovative self-discharge suppression mechanisms that forgo 
the use of the expensive ion-selective membrane and extend energy retention into 
the days-to-weeks range. 
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Best practices for performance evaluation  
All electrochemical energy storage research is based on compromises between 
competing properties. Correct evaluation is critical to realize the limitations of 
these technologies and target areas for further development. A brief discussion 
of important performance metrics and our perspectives on making meaningful 
measurements for redox ECs are presented below. 
 
(1) Self-Discharge. Although self-discharge is an important performance 
metric in a redox EC, it is not always measured consistently and is sometimes not 
reported at all in the literature. The most common method to evaluate self-
discharge is to leave a charged cell in the open-circuit condition and monitor the 
voltage decay over time. This method is useful for analyzing the self-discharge 
mechanism, where a linear relationship between open-circuit voltage (VOC) and 
ln(t) implies activation control, and a linear relationship between VOC and t1/2 
implies diffusion control.49 This measurement can also estimate energy retention 
for EDLCs, as the theoretical remaining energy is equal to ½·C·(VOC)2. Unlike 
EDLCs, however, redox ECs do not have a linear relationship between VOC and 
state of charge, and the open-circuit voltage measurement does not give practical 
information on the amount of energy remaining in the device as a function of 
time (Figure 8). We have therefore suggested that additional tests be done where 
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the full cell is discharged after different periods of time at open circuit, t, to 
quantify how quickly stored energy is lost over time. We normalize the discharge 
energy at each time point, Edis(t), to the initial discharge energy with no open-
circuit period, Edis(0), giving an open-circuit energy efficiency, ηR = 
Edis(t)/Edis(0).30 For half-cells investigating a single electrode instead of  a full 
device, an experiment measuring Coulombic efficiency versus resting time may 
be preferable.29    
 
 
Figure 8. Proper self-discharge rate evaluation for redox ECs. The open-
circuit potential of a redox EC undergoing self-discharge (black line, left) cannot 
accurately predict the remaining energy in the cell. The actual energy remaining 
is shown (dashed red line, left), which can be derived by matching the open 
circuit potential at a given time to the redox EC potential profile (solid red line, 
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right) and determining what fraction (remaining area under the curve) of the 
initial energy (total area under the curve) is retained. Also shown is the remaining 
energy that would be calculated (dashed blue line, left) under the mistaken 
assumption that the redox EC energy retention can be calculated using the same 
principles as an EDLC with a linear potential profile (solid blue line, right).  
Several tie lines are included for reference, and the remaining energies for the 
correct and incorrect case at t = 5 h are shaded to visually illustrate the derivation 
of a pair of ηR values. 
 
(2) Power and Energy. There are many best practices established for 
determining power and energy performance in electrochemical energy storage 
systems. We briefly re-emphasize some of the important points, which are 
reported in detail elsewhere: 
 
• Instead of extrapolating performance metrics from 3-electrode cyclic 
voltammetry results, it is preferable to construct a complete device and use 
galvanostatic cycling. 3-electrode tests with EDLCs can overestimate energy by 
up to a factor of 2 compared to a 2-electrode cell, and for a redox EC the larger 
supply of excess redox-active electrolyte can further inflate the measured 
values.50  
• Realistic active material mass loadings of 1-10 mg/cm2 are recommended so 
that the mass of the electrodes are significant relative to that of current collectors 
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and other cell components.51 At very low loading, transport properties within 
each electrode are much faster, resulting in unrealistically high performance 
measurements. 
• Capacitance should not be used to describe redox ECs (Wh and mAh are 
more meaningful than Farads).10,11 As discussed above, redox ECs are distinct 
from pseudocapacitors. 
• Energy needs to be calculated by integration of the galvanostatic 
charge/discharge potential profile and not using the formula E = ½·C·V2, which 
is only applicable for EDLCs (see Figure 3 above).22  
 
(3) Performance Normalization. Interpreting performance correctly requires 
choosing the appropriate denominator when normalizing power or energy. 
Research test cells are much heavier than commercial cells, so performance is 
normally calculated based on the electrode mass only. For redox ECs, the 
electrolyte contributes to the total mass and contains active material but is often 
overlooked when calculating specific energy or power. In order to address this 
issue, the electrolyte mass (including solvent, redox couples, and supporting 
electrolyte) should be included, and excess electrolyte should be eliminated using 
volume-limiting cells.30 In practice, however, electrolyte mass is difficult to 
measure and minimize because test cells always contain some extra volume. This 
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situation makes it difficult to compare redox ECs performance to that of EDLCs 
because redox ECs are “penalized” by the inclusion of the redox-active 
electrolyte mass, even though EDLCs contain an equivalent mass of inert 
electrolyte that is not considered in typical normalization. Volumetric reporting 
avoids these issues entirely, so we recommend evaluating performance on a 
volumetric basis in addition to a gravimetric basis. A reasonable estimate of 
volume is the geometric area of the electrodes, A, multiplied by the thickness of 
the cell stack (electrode/separator/electrode), d, and one should specifically 
indicate whether or not current collectors and packaging are also included in the 
calculation. Volumetric values are also easier to compare between different 
systems and more meaningful for many applications where space is more of a 
constraint than mass.  
 
(4) Efficiency. High-power devices with poor energy efficiency will present 
thermal management issues in practical application, because all unrecovered 
energy must be dissipated as heat. The heat generation is so critical that we 
suggest reporting energy efficiency (EE) at different rates in addition to 
Coulombic efficiency (CE), as is typically done in redox-flow-battery literature. 
Voltage efficiency (VE) can be reported as well, using the relationship VE = 
EE/CE.  
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(5) Cycle Life. It is now common to see stable cycling over 5,000-20,000 
cycles for redox ECs.23 High-rate GCD tests are needed to demonstrate that the 
electrode materials can survive the stresses of repeated cycling and that redox 
reactions are highly reversible. However, the number of completed cycles does 
not provide a full picture of stability. At fast rates, the test duration is short and 
thousands of cycles are completed in hours or days. The cell spends little 
cumulative time at its maximum potential, where most degradation occurs. A 
more demanding test is a constant voltage hold at the maximum cell voltage.52,53 
This test is similar to a trickle charging or float condition that devices would be 
subjected to in practical application. It has been demonstrated in a redox EC with 
KI electrolyte that a 200 h voltage hold at 1.2 V causes equivalent degradation as 
cycling 110,000 times at a 1 A/g rate.54 Performing this test on redox ECs gives 
more information on long-term stability because this condition allows more time 
for charged redox couples to diffuse away from the immediate vicinity of the 
electrode and interact with the separator, other redox couples, or the opposite 
electrode. It is also a more-relevant test for high voltage aqueous systems (1.5 - 
2 V) where fast cycling may be the only factor limiting water splitting and gas 
evolution.14  
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specific energies and slow self-discharge 
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Introduction 
Electric double-layer capacitors (EDLCs) store electrical energy at the 
interface between a solid electrode (e.g. high-surface-area activated carbon) and 
a liquid electrolyte1-4. They are used in commercial applications requiring high 
power density and long-term cycle stability, e.g., in load-leveling and in electric 
vehicles5-7. These characteristics are enabled by a double-layer charging 
mechanism which relies only on physical ion adsorption/desorption in the 
Helmholtz layer of the liquid electrolyte and does not require driving slower 
solid-state ion insertion/de-insertion reactions as in, e.g. Li-ion batteries1,8,9, 
which also lead to electrode volume change and thus capacity fade with cycling10-
12. To attain specific energies of 5-10 Wh kg -1, commercial EDLCs require 
organic electrolytes that operate at high potentials near 3 V. The disadvantages 
of these electrolytes are (1) low-to-moderate volumetric and gravimetric energy 
density, (2)  high cost, (3) the requirement for high-purity activated carbon 
(needed to reduce self-discharge at the high voltages)13, and (4) safety concerns 
associated with using flammable organic electrolytes4. These disadvantages limit 
the wide application of EDLCs1,5.  
One primary challenge in increasing the energy density of EDLCs is the mass 
of the electrolyte14,15. High-surface area carbons typically have large pore 
volumes that fill with inert electrolyte, reducing the cell-level specific energy14. 
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A number of hybrid and pseudocapacitive devices incorporate solid-state or 
surface-redox functionality into electrodes to increase the specific energy of 
EDLCs16-23. 
In “redox ECs” the inert electrolyte is replaced with a redox-active one, 
thereby adding faradaic charge storage mechanisms to the underlying capacitive 
ones while ideally maintaining high power and cyclability (Figure 9)24-31. This 
approach enables the use of aqueous (aqueous) electrolytes (where high redox 
couple solubility results in high capacity) and less-expensive carbons (due to 
lower operating voltage windows). The disadvantages include the possibility of 
internal self-discharge via shuttling and cross-diffusion of mobile redox species, 
diffusion overvoltage losses, and cycling instability due to the intermixing redox 
couples26,30,32. The work in this chapter shows that these challenges can be 
simultaneously mitigated by understanding the underlying electrochemical 
processes and rationally choosing appropriate redox couples. 
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Figure 9. Charge storage mechanisms for redox ECs. Schematic showing 
capacitive and faradaic charge-storage processes. The redox couple used at the 
positive electrode (which is oxidized upon charging, and reduced upon discharge) 
is labeled as Cred/Cox (catholyte), and the couple used at the negative electrode 
(which is reduced upon charging, and oxidized upon discharge) as Ared/Aox 
(anolyte).  
 
A number of soluble couples have been studied in redox ECs including 
halides, vanadium complexes, copper salts, methylene blue, phenylenediamine, 
indigo carmine, and quinones25-28,30,33,34. The performance to date of complete 
devices has been low and the underlying electrochemical processes poorly 
understood. The most substantial work is by Frackowiak and co-workers, who 
developed aqueous KI and VOSO4 “catholyte” and “anolyte”, respectively, 
separated by a Nafion membrane in two cell compartments4,29. Although specific 
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energy > 20 Wh kg-1 and specific power > 2000 W kg-1 were reported,29 these 
metrics are normalized to the mass of the electrodes alone14,35-37. While such 
normalization is common, it is inappropriate for redox ECs where the electrolyte 
contributes directly to faradaic storage. Accounting for electrolyte reduces 
performance metrics by at least a factor of three. Further, the prohibitive cost of 
the Nafion cation-exchange membrane, which is used to prevent self-discharge 
via redox shuttling, needs to be addressed4,29,32. Stucky and co-workers studied a 
related system containing KI/VOSO4 electrolyte without an ion-selective 
separator34. They proposed an electrostatic mechanism to account for self-
discharge times on the order of 1 h, which was somewhat longer than expected 
given the separator used. 
More-substantial progress has been prevented by the demands on the redox 
couples needed for the electrolyte. (1) The couples must be soluble at high 
concentrations, ideally > 1 M, to contribute substantially to the capacity. (2) The 
electron-transfer kinetics must be sufficiently fast to minimize voltage loss 
during charge/discharge. (3) The solution behavior of the charged redox couples 
must be such that self-discharge is slow, without the use of expensive ion-
selective membranes. (4) During charging, the catholyte couple (Cred/Cox) must 
be oxidized at the positive electrode while the anolyte couple (Ared/Aox) must be 
reduced at the negative electrode. The relevant redox potentials of the two species 
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should be near the electrolyte decomposition window to maximize the voltage 
output. In water at near-neutral pH, appropriate couples could span > 1.5 V as the 
water oxidation and reduction kinetics are slow relative to those of one-electron 
couples38.   
This chapter explores a redox-active electrolyte containing viologen and 
bromide salts that was optimized with respect to the above criteria by systematic 
study of the underlying electrochemical phenomena. A device with 0.4 M KBr 
and 0.1 M heptyl viologen (HV) provides a specific energy of 11 Wh kg-1 and a 
specific power of 122 W kg-1 (normalized to the total mass of both electrodes and 
electrolyte, with each electrode having a high mass loading of 12.9 mg cm-2), 
shows negligible fade over 20,000 cycles, and slow self-discharge rates superior 
to conventional aqueous control EDLCs without redox-active electrolyte. A 
related system employing methyl viologen (MV) instead of HV provides higher 
energy density (~14 Wh kg-1) due to higher solubility, but also faster self-
discharge and lower cycling stability. The self-discharge mechanisms are studied 
by comparing the behavior of individual redox electrolytes with varying chemical 
structure and molecular charge. Adsorption of the viologen and Br redox species 
to the activated carbon following charging is found to be important, and this 
effect enables 90 % (HV) retention of stored energy after 6 h at open circuit. In 
addition to good electrochemical performance, the cells use aqueous electrolyte, 
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are simple to prepare under ambient conditions, and likely safer for application 
than those using flammable organics4,17. The new system is thus appealing as a 
low-cost aqueous capacitor/battery hybrid. 
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Materials and Methods 
Activated Carbon. Nanoporous carbon was prepared by CO2 activation from 
high-purity carbon powder (Donacarbo S-241, Osaka Gas Co.). Carbon precursor 
(1 g) positioned in the center of a tube furnace was heated to 890 oC under flowing 
CO2 (100 mL min-1) for 22.5 h, which resulted in burn-off of 73.2 % of the carbon 
mass and resulted in a BET surface area of 2470 m2 g-1 . Pore size distribution of 
the prepared activated carbon is characterized in Figure 10. 
 
 
Figure 10. Pore analysis data on CO2-activated Donacarbo. N2 gas isotherm 
(adsorption/desorption) graph measured at 77 K and (inset) the pore size 
distribution (PSD) curved based on BJH theory from the desorption isotherm. 
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In activated carbon electrodes, micropores (< 2 nm) are often not accessible 
to large solvated ions and molecules, so N2 adsorption isotherms can overestimate 
the available surface area. A better measurement of practically useful surface area 
is provided by methylene blue adsorption isotherms. This test was performed 
using standard procedures described elsewhere.39 Methylene blue (MB) was 
dissolved into Millipore 18.2 MΩ cm water. Samples of activated carbon were 
massed and mixed with MB solutions in 250 mL and 500 mL Erlenmeyer flasks. 
The mixtures were stirred at 25ºC for 24 h to reach equilibrium adsorption. 
Samples of the supernatant from the flasks were centrifuged to remove any 
activated carbon, and the concentration of MB was determined with an Agilent 
UV-Visible spectrophotometer at 664 nm.   
The data were fit using the linear form of the Langmuir adsorption isotherm 
model: 
!"#" = %&'∗) + %&' ∗ 𝐶,    (2.1) 
where Ce is the equilibrium concentration of MB in the liquid phase (mg/L), qe is 
the equilibrium concentration of MB in the solid phase (mg/g), Q0 is the 
theoretical maximum MB concentration in the solid phase, corresponding to the 
formation of a complete monolayer (mg/g), and b is the adsorption energy 
constant (mg-1). 
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The linear fit gives a slope of 1.57 mg/mg (1/Qo), an intercept of 2.67 mg/L 
(1/(Qo•b)), and a correlation coefficient of R2 = 0.998, as shown in Figure 11. 
This gives b = 0.589 mg-1 and the theoretical maximum MB adsorption Q0 = 636 
mg/g. Assuming 1.35 nm2 per MB molecule, the sample has a MB-accessible 
SSA of 1620 m2/g,40 somewhat lower than the BET surface area of 2470 m2 g-1. 
 
 
Figure 11. Methylene blue adsorption isotherm measured from Donacarbo 
CO2-activated carbon. 
 
The elemental composition (inductively coupled plasma analysis) is shown in 
Table 1 (Only elements with over 1/1000 wt.% were shown). Further details of 
the activated carbon preparation are reported elsewhere41.  
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Table 1. Inductively coupled plasma (ICP) elemental analysis result of 
activated carbon.  
Al S Ca Fe Zn 
0.001 wt.% 0.001 wt.% 0.004 wt.% 0.009 wt.% 0.001 wt.% 
 
Electrodes. To construct the freestanding electrodes, activated carbon, 
polytetrafluoroethylene (PTFE) binder, and acetylene black conductive additive 
were mechanically mixed with a 90:5:5 weight ratio. A 10-mm-diameter 
electrode pellet was fabricated from ~ 10 mg (~22 m2 per pellet) of the mixture 
by hydraulic pressing at 2000 psi. To enhance the wetting of the electrode, the 
electrode pellets were immersed in excess electrolyte under vacuum for 10 min 
(to remove the air in the void space), and then pressurized with N2 at 150 psi to 
force electrolyte into the pores (see Chapter 3). The process was carried out twice 
to ensure the electrolyte was thoroughly infiltrated. 
 
Electrolytes. The electrolytes were prepared by either dissolving redox-
reactive or electrochemically inert salts in 18.2 MΩ water. The salts were 
obtained as follows: potassium iodide (KI, 99 %, Alfa Aesar), potassium bromide 
(KBr, 99.999 %, Alfa Aesar), methyl viologen dichloride hydrate, MVCl2 (1,1ʹ-
Dimethyl-4,4ʹ-bipyridinium dichloride, 98 %, Sigma Aldrich), heptyl viologen 
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dibromide, HVBr2 (1,1ʹ-Diheptyl-4,4ʹ-bipyridinium dibromide, 98 %, TCI 
AMERICA), potassium sulfate (K2SO4, 99.99 %, Alfa Aesar), potassium 
ferrocyanide (K4[Fe(CN)6·3H2O], Mallinckrodt), hexaammineruthenium (III) 
chloride (Ru(NH3)6Cl3, 99%, Strem Chemicals). Tris(2,2ʹ-
dipyridyl)dichlorocobalt (Co(Bpy)3Cl2) was prepared by literature methods42. 
Analytical electrochemistry. All electrochemical measurements were 
performed with a potentiostat/galvanostat (SP-300, Bio-logic). Redox-active 
electrolytes were first studied using a standard three-electrode configuration with 
a Pt or GC working electrode. Electrode discs were hand-polished for 30 s using 
0.25 µm alumina/water slurry on Buehler microcloth. The electrode was then 
rinsed and sonicated in 18.2 MΩ water for 30 s. A coiled Pt wire and saturated 
calomel electrode (SCE, Fisher Scientific) served as the counter and reference, 
respectively. Test solutions (10 ml) were sparged with N2 for 10 min to remove 
dissolved O2. 
Cell design and quantitative performance analysis. In order to 
quantitatively analyze charge-discharge and performance data, two custom cells 
were designed and built. The first was a T-shaped three-electrode Swagelok cell 
that incorporated a reference electrode with the tip placed at the edge of the 
separator. This enabled the study of the electrochemical processes at both 
electrodes simultaneously (Figure 12a). Insulated glassy carbon (GC) current 
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collectors were used to avoid background current that might be associated with 
metallic current collectors. These Swagelok-type cells were flooded with excess 
electrolyte (~500 µL) and thus the specific energy and power were calculated 
based on the combined “dry” electrode mass (indicated as gdry) from the discharge 
data (as is typical and discussed below)43,44. 
We also designed a two-electrode cell with a “volume-limiting” geometry, 
where the electrolyte is confined within a precisely machined cavity and 
sandwiched between two GC plates in contact with the activated carbon (Figure 
12b). For the volume-limiting cell the mass of both electrodes and all electrolyte 
were used to calculate the specific energy, power, and capacity (indicated as gwet). 
The polycarbonate separator mass (0.9 mg) was ignored as it is only ~ 1 % of the 
total cell mass. Performance metrics based on the total “wet” cell mass are 
practically relevant, whereas the “dry” metrics are useful only for comparison to 
other systems where electrolyte mass has been ignored. 
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Figure 12. Schematic of electrochemical test cells. (a) the three-electrode 
Swagelok cell and (b) custom two-electrode volume-limiting cell with limited 
chamber volume to contain electrodes and minimal excess electrolyte 
 
Three-electrode cell design. The three-electrode cell was built from a 
perfluoroalkoxy (PFA) T-shaped Swagelok fitting and used insulated GC current 
collectors (Figure 12a). Between the activated carbon pellets, a paper separator 
(Whatman qualitative filter paper, Grade 1) was inserted to prevent direct 
electrical contact between electrodes. The electrodes/separator were soaked in 
test electrolyte (de-aerated by flowing N2 gas for 10 min prior to use), and pressed 
in-between two current-collector rods. The cell was then flooded with 0.4-0.5 ml 
of excess electrolyte. The rods were made of a GC plate (3 mm thick, type 2, Alfa 
Aesar) bonded to a Ni (Nickel Alloy 200, McMaster) body with the sides 
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insulated with non-conducting epoxy (Stycast 1266, Emerson and Cuming). 
Before each test, the GC surface was polished as with the analytical 
electrochemistry. The use of GC avoids potential complications due to 
background corrosion of, e.g., stainless steel current collectors often used in 
Swagelok cells. A SCE reference electrode placed with the tip at the edge of the 
separator was incorporated to allow for independent measurement of the absolute 
potential at each electrode. The cell exterior was purged with wet N2 during 
voltammetry and constant-current charge/discharge cycling. 
Two-electrode cell design for specific energy and power measurements. 
An 11.3-mm-wide cylindrical chamber machined from inert plastic (Kel-F) 
served as the cell housing (Figure 12b). Two GC discs tightly fit with o-ring seals 
and back-contacted with Cu wire served as the current collectors. The separator 
(Polycarbonate membrane filter, STERLITECH) was cut into a disc with an 
identical diameter as the chamber. The electrodes were 10-mm-diameter pellets, 
fabricated as described above. 
 
Control/comparison devices.  Two commercial EDLCs using an aqueous 
and an organic electrolyte were characterized to evaluate the electrochemical 
behavior and self-discharge rate of commercial devices as a benchmark. One 
capacitor utilizes organic electrolyte with a specified 2.7 V of working potential 
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range (BACP0010 P270 T01, Maxwell Technologies). The other 
(CLG03P025L12, Cellergy) utilizes aqueous electrolyte, and the operating 
potential is specified at 3.5 V (presumably obtained using approx. three cells in 
series). For an additional comparison, a lab-made EDLC cell was tested with the 
manufactured CO2 activated carbon electrodes and non-redox active electrolyte 
(0.5 M K2SO4, 99.99 % pure).  
 Galvanostatic charge/discharge cycling was performed on each system by 
applying appropriate current based on the device capacity. All three kinds of 
EDLC show linearly changing potential with time, indicating pure double-layer 
capacitive charging. For the lab-made EDLCs, the specific capacity and energy 
density were normalized in two ways based either on combined electrodes mass 
(“dry”, as is typical) or on the integrated mass of electrodes and electrolyte (i.e. 
“wet”).  
Definition and evaluation of performance metrics.  The specific capacity 
at discharge, Qdis (mAh g-1), is defined as 𝑄dis=𝐼dis/𝑚cell·𝑡dis     (2.2) 
where Idis is the constant discharge current in mA, mcell is the mass of the cell 
components (as indicated above either “dry” or “wet”), and tdis is the discharge 
time.  The specific energy density at discharge, Edis (Wh kg-1), is calculated by 
integrating the instantaneous specific power  
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𝐸234 = 𝐼dis/𝑚cell ∙ 𝑉(𝑡)dt:dis;     (2.3) 
where V(t) is the time varying voltage output of the cell. The average specific 
power, Pdis (W kg-1), is calculated by dividing the energy by the discharge 
time15,44,45 𝑃234 = 𝐸=>?/𝑡=>?     (2.4) 
We define the coulombic efficiency, ηC(δ), after a specific self-discharge 
period δ (in min, where the cell is left at open circuit) as 
ηC(δ)  = Qdis / Qch      (2.5) 
where Qch is the total charge passed during the charging cycle (analogous to Qdis 
defined in Eq. 2.2). We define the energy efficiency ηE(δ) after a specific self-
discharge time as  
ηE(δ)  = Edis / Ech     (2.6) 
where Ech is the total energy expended during the charging cycle (analogous to 
Edis defined in Eq. 2.3). Finally, we define the energy retention efficiency, ηR(δ), 
which is the ratio of the energy obtained after a self-discharge period δ compared 
to that where δ =0, as 
ηR(δ)   = ηE(δ)  / ηE(0)      (2.7) 
Self-discharge was studied by measuring ηC and ηE as a function of δ. First, 
the cell was charged to the specific potential by applying a constant current (0.5 
A gdry-1). Then, while monitoring the cell potential decay, the cell was left at 
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various periods of open circuit: 0 min, 1 min, 2 min, 5 min, 10 min, 20 min, 30 
min, 60 min, 120 min, and 360 min. After each open circuit period, the cell was 
discharged to 0 V by extracting the same constant current density (-0.5 A gdry-1). 
For each self-discharge test, at each time, the coulombic and energy efficiency 
(%) were obtained. We use the “half-life” of the specific energy 𝑡½∙ABCD  where 
ηR(𝑡½∙ABCD) = 0.5 as well as ηR(6 h)  to compare the different self-discharge rates 
of the cells. When 𝑡½∙ABCD  was longer than the test duration (6 h), the 
experimental ηR data was fit to a linear decay to estimate 𝑡½∙ABCD . 
Electrolyte mass is especially important for devices with redox-active 
electrolytes. To develop significant faradaic energy storage, a sufficient supply 
of redox-active ions is required. The volume of electrolyte available is 
determined by the free volume in the porous electrodes and the separator15. This 
volume, along with the concentration of the redox-active species, determines the 
maximum possible number of ions available for faradaic charging. For each 
electrode, the total electrode volume is as a sum of the volume of each 
component: 
 𝑉EF = 𝑚EF GHIJKLMNHIJKLM + GOPQRLSLTUJNOPQRLSLTUJ + GPVMHUJWSVXRNPVMHUJWSVXR + 	𝑉Z[EE,EF	  (2.8) 
where fx and 𝜌x represent the mass fraction and density, respectively, of each 
component, mel represents the total electrode mass, Vel represents the total 
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electrode apparent volume, and Vfree,el represents the free pore volume that will 
be filled with electrolyte upon device assembly. The solid skeleton of many 
activated carbons, carbon blacks, and other materials with graphitic domains has 
a density of approximately 2.1 g/cm3 and PTFE has a density of 2.2 g/cm3 46-48. 
The free volume of the separator is also straightforward to calculate, with: 𝐴4E_ ∗ 𝑡4E_ ∗ 𝑃4E_ 	= 𝑉Z[EE,4E_     (2.9) 
where Asep and tsep are the area and thickness, respectively, of the separator, 
Psep is the separator porosity, and Vfree,sep is the separator free volume. Cellulosic 
separators have a porosity near 0.7, while glassy fiber separators have a porosity 
closer to 0.9 49. Some popular polyethylene separators, such as Celgard 3501, 
have a porosity of 0.55. The separator and the electrodes are the only porous 
components in a complete device, so the electrolyte volume, Velectrolyte, will simply 
be the sum of Vpore,el for both electrodes and Vfree,sep:  𝑉EFE`a[bFcaE = 𝑉_b[E,_ + 𝑉_b[E,d + 𝑉Z[EE,4E_            (2.10) 
Activated carbon adsorption measurements for redox-active electrolytes. 
In these experiments, concentrations of oxidized and reduced redox couples in an 
electrolyte were measured with and without the presence of activated carbon 
(AC). All experiments were performed in 1.5 mL centrifuge tubes. The tubes 
were filled with 1.5 mL of ~10 mM analyte solution and capped to exclude 
oxygen immediately after adding reagents and/or 5 mg of AC. A vortex mixer 
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was used to agitate the centrifuge tubes at the beginning and end of a 10-minute 
waiting period. After this time, the tubes were centrifuged and a 10 uL sample of 
the supernatant was diluted by a factor of 200 into 1.99 mL of Millipore 18.2 
MΩ.cm water in a quartz cuvette. The cuvette was shaken vigorously for 20 s to 
ensure a homogeneous analyte. The concentration of each analyte was 
determined with an Agilent UV-Vis spectrophotometer.  
Methyl Viologen adsorption.  For MV2+, the analyte was prepared by 
directly dissolving MVCl2 salt into 18.2 MΩ.cm water. For the MV+ analyte, 
chemical reduction of the MV2+ solution was performed in the centrifuge tubes 
with excess zinc powder (8 um) with and without AC. In the cuvette, direct 
measurement of dilute MV+ is difficult due to background reaction with dissolved 
oxygen, so the reduced viologen in the diluted sample was allowed to completely 
reoxidize and the concentration of the resulting MV2+ was measured instead. To 
ensure there was no effect due to reaction time, all spectra were repeated after 20 
min. Very little deviation was observed between 10 and 20 min intervals.  
Heptyl Viologen adsorption. The adsorption of heptyl viologen (HVBr2) was 
investigated using the same procedures as with MV. Because zinc powder did 
not perform well as a reducing agent for HV, 15 mg sodium dithionite (Na2S2O4) 
was used instead.50 It should be noted that even without activated carbon, some 
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of the reduced HV+ precipitates, suggesting the HV+ radical is much less soluble 
than the MV+ radical.  
Bromide and Bromine/Tribromide adsorption. For Br-, the analyte was 
prepared by directly dissolving KBr salt into 18.2 MΩ.cm water. Because Br2 
and Br3- are stable in air, these oxidation products can be measured directly and 
these species were generated ex-situ, unlike the viologen radicals. Liquid bromine 
is volatile and difficult to handle and precisely measure, so bromine and 
tribromide were generated using the following chemical reactions51: 
NaBrO3 + 5 Br– + 6 H+ → 3 Br2(aq) + 3 H2O  (2.11) 
Br2(aq) + Br– ⇌ Br3–    (Keq = 16.1 M-1)   (2.12) 
To increase the conversion of the sodium bromate and drive the equilibrium 
products towards Br3-, the oxidation was performed in a solution containing 0.1 
M KBr and 0.1 M HBr with NaBrO3 as the limiting reagent. This reaction, if 
completed, produces a total bromine concentration of 10 mM (before adsorption 
to AC): 
 [Br2]T = [Br2] + [Br3-] = 0.01 M   (2.13) 
Like other species investigated by UV-vis, the supernatant from the Br- tests 
was diluted by a factor of 200 in Millipore 18.2 MΩ cm water. Samples from the 
oxidized Br2/Br3- species, however, were diluted with a 0.1 M KBr solution. This 
ensured that the equilibrium did not shift from Br3- back towards Br2 in the 
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cuvette, which has a much lower molar absorptivity coefficient, making it harder 
to accurately measure by UV-vis. The total concentration of oxidized bromide 
species in solution remaining, [Br2]T is proportional to the absorption at λmax = 
266 nm, and can be calculated by combining equations (2.12) and (2.13) 51: 
𝐴ghh = 	 (ijklm)n"o pqm [pqs]u%vn"o pqm     (2.14) 
with 𝜖pqlm = 40,900		𝑀|%𝑐𝑚|%. For Br-, the analysis is simpler. No chemical 
equilibrium considerations are necessary and λmax = 191 nm with 𝜖pqm =13,000		𝑀|%𝑐𝑚|%. 
Ferrocyanide/Ferricyanide adsorption. For the ferrocyanide and 
ferricyanide analytes, no chemical oxidation or reduction was required. Instead, 
the 10 mM ferrocyanide solution and the 10 mM ferricyanide solution were 
prepared separately directly from K4Fe(CN)6 and K3Fe(CN)6 salts, respectively.
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Results and Discussion 
Redox-active electrolytes for the positive electrode (catholyte).  
Redox species at the positive electrode are reduced during discharge (Cox + e- 
→ Cred) and thus referred to as the “catholyte”. The catholyte should have a 
reduction potential near, or slightly more positive than, the oxygen evolution 
potential to maximize energy density. The halogens iodide and bromide are 
promising as they are inexpensive and highly soluble (> 1 M)52,53. The aqueous 
reduction potentials of iodine (𝐸lm/m°  = 0.3 V vs. SCE) is within the water stability 
window while that of bromine (𝐸[lm/[m°  = 0.81 V vs. SCE) is located above the 
thermodynamic oxygen evolution potential at pH 7 (0.58 V vs. SCE)54. 
Figure 13a shows the galvanostatic cycling profiles of candidate catholytes 
tested in a three-electrode Swagelok cell. For 1 M KI, the positive electrode 
potential narrowly varied between 0.02 V and 0.19 V vs. SCE, indicating 
oxidation of I- to I3- (the difference between the observed plateau potential and 𝐸lm/m°  = 0.3 V vs. SCE is discussed below)54. The negative electrode potential 
varied linearly with charge between and 0.02 V and -0.81 V vs. SCE indicating 
a double-layer charging mechanism with inert K+.  
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For 1 M KBr electrolyte, the positive electrode shows two distinct charging 
regimes. For the first 60 s, the electrode potential depends linearly on the charge 
added, indicating capacitive charging with Br- in the double layer. For the next 
60 s the potential increase slows and plateaus at ~ 0.7 V vs. SCE, indicating 
oxidation of Br- to Br3- 54. The negative electrode showed purely capacitive 
charging. The high redox potential of Br-/Br3- is advantageous for increasing 
energy density, as discussed below.  
EDLC self-discharge is commonly studied by monitoring the potential decay 
at open circuit55-57. However, because the charge is not linear with potential for 
redox ECs, we measured energy retention ηR by complete discharge at each time 
point in Figure 14. The self-discharge profiles of KI and KBr show ηR of 76 % 
and 43 % after 6 h, respectively. Remarkably, the self-discharge rate of the KI 
cell is slower than that of the control K2SO4 cell when also charged to 1 V (ηR = 
67 % after 6 h). Given the lack of an ion-selective membrane, the slow self-
discharge of the halogen cells is unexpected. After charging the KI cell, a large 
concentration gradient of I| and	I| between the positive and negative electrode 
is present that would normally be expected drive diffusive transport across the 
cell resulting in fast self-discharge. 
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Figure 13. Asymmetric cells with a single redox couple. The galvanostatic 
charge/discharge profiles are shown for asymmetric cells with the candidate (a) 
catholyte and (b) anolyte redox couples. The cells were charged/discharged at a 
rate of 1 A g-1(+) electrode (normalized to the mass of the positive electrode only to a 
total cell voltage of 1 V. In (a), the slope of the potential-time curve for the 
negative electrode is smaller for the KBr cell than for the KI cell because the 
negative electrode had three times the mass of the positive electrode so that the 
positive electrode was able to reach the Br- oxidation potential with a total cell 
potential of 1 V, which was not possible with a symmetric cell. 
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Figure 14. Self-discharge rates of selected redox-active electrolytes. Energy 
retention ηR for each cell was collected by charging the cell, allowing it to sit at 
open circuit for a given time, then discharging the cell completely.  
 
  K4Fe(CN)6 and Co(bpy)3Cl2 cells show galvanostatic charging behavior at 
the positive electrode similar to the KI cell with the electrode potential pinned 
near the standard potential of the couple (Figure 13a). The negative electrodes 
show capacitive (linear potential-time) response on charging, while upon 
discharging an additional potential loss is measured that is associated with the 
low ionic conductivity of the 0.1 M redox-active electrolytes. The Co(bpy)3Cl2 
and K4Fe(CN)6 cells have 89.5 % and 90.8 % coulombic efficiency, respectively 
–lower than the 99.9 % and 98.8 % measured for the KI and KBr cells, 
respectively. The Co(bpy)3Cl2 cell loses half of its energy in 1 min, while for the 
K4Fe(CN)6 cell this takes 5 min. This data is consistent with electrostatics 
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contributing to the self-discharge in the case of Co(bpy)32+/3+  and retarding it in 
the case of Fe(CN)64-/3-, and for the halides. However, despite the larger negative 
charge of Fe(CN)64-/3- its self-discharge rate is still roughly 100 times faster than 
that of I|/I|. The retarded self-discharge for the halides cannot be explained 
purely by electrostatics. 
 A mechanism to explain the slow self-discharge of the halides is physical 
adsorption of the oxidized species within the activated carbon surface preventing 
cross-diffusion. Halides are known to adsorb on carbon electrodes58-60 and we 
confirmed the strong adsorption of Br3- on activated carbon using UV-VIS 
spectroscopy, evidenced by the decrease of the concentration of Br3- in solution 
after the addition of activated carbon (Figure 15) . In contrast, Br-, Fe(CN)64-, and 
Fe(CN)63- do not adsorb. We also note that for both the KBr and KI cells the 
observed potential plateau at the positive electrode (Figure 13a) is ~0.1 V less 
positive than the standard potential of the respective couples. This is also 
consistent with specific adsorption stabilizing the oxidized halide, thus shifting 
the formal potential within the activated carbon negative of the standard potential. 
These results show physical adsorption is the primary mechanism preventing 
self-discharge and electrostatic effects are secondary. 
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Figure 15. Adsorption of catholyte couples to activated carbon. UV-VIS 
spectra measuring concentration of charged or discharged catholyte redox 
couples in solution with and without the addition of activated carbon. 
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Redox-active electrolytes for the negative electrode (anolyte).  
Redox couples for the negative electrode Ared/Aox should have standard 
potentials at or slightly more-cathodic than the hydrogen evolution potential, as 
well as high solubility and solution compatibility with the catholyte. Based on 
the observations above, Ared/Aox should have a positive charge and physically 
adsorb on activated carbon following charging to prevent self-discharge. 
 Viologen dications (4,4’-dipyridinium compounds) are positively charged, 
highly soluble redox couples, with formal potentials negative of the hydrogen 
potential and fast, reversible, kinetics61-67. Methyl viologen dichloride (MVCl2) 
was studied first due to its negative potential (Eo = -0.69 V vs. SCE), commercial 
availability, and low cost (< $5 kg-1 in bulk, used for agriculture)65,68-70. Being a 
nearly co-planar π-π conjugated ring system, MVCl2 also adsorbs on activated 
carbon surfaces71.  Stronger adsorption is expected after reduction of MV2+ to 
MV+ due to decreased charge density and increased co-planarity of the two 
adjacent rings.  
 In order to study the viologen electrochemistry in the absence of a redox-
active electrolyte at the positive electrode, a 4:1 mass ratio for the 
positive:negative electrode was used (the Cl- counter ion is inert over the 
accessible potential range). During galvanostatic charging, the positive electrode 
potential varied nearly linearly with time while the negative electrode potential 
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curves substantially with time near ~ -0.5 V vs. SCE (Figure 13b), consistent with 
the reduction MV2+ to MV+.  The self-discharge rate of the MVCl2 electrolyte was 
measured (Figure 14) and found comparable to that of the EDLC with 0.5 M 
K2SO4, suggesting that the redox couple does not contribute substantially to self-
discharge via redox shuttling.  
 To understand the self-discharge processes, a ruthenium hexamine 
dichloride electrolyte was also studied (Figure 13b). Ru(NH3)63+/Ru(NH3)62+ is 
cationic, like MV2+/MV+, but is unlikely to specifically absorb on the activated 
carbon surface because of its near-spherical molecular shape. The Ru(NH3)6Cl3 
cell shows double-layer charging with Cl- on the positive electrode and some 
faradaic charging on the negative electrode with a slight plateau near -0.2 V 
consistent with the reduction of ruthenium hexamine (Eo ~ -0.14 V vs. SCE)72.  
The self-discharge rate (Figure 14), however, is significantly faster for 
Ru(NH3)6Cl3 than for MVCl2, providing further evidence that electrostatic effects 
are not sufficient to prevent self-discharge and that MV+, like the oxidized 
halides, adsorbs on the carbon electrode73. UV-VIS spectroscopy supports this 
mechanism, showing weak adsorption of MV2+ and stronger adsorption of MV+ 
(Figure 16). 
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Figure 16. Adsorption of anolyte couples to activated carbon. UV-VIS spectra 
measuring concentration of charged or discharged anolyte redox couples in 
solution, with and without the addition of activated carbon.  
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Combined electrolyte systems. 
For high performance, the redox-active electrolytes for the positive and 
negative electrodes must be combined to make a dual redox EC where the 
catholyte and anolyte have a matched capacity. All species in both redox states 
(Ared, Aox, Cred, Cox) should be stable in the same electrolyte to reduce 
manufacturing complexity and relax demands on the separator. Based on the 
results from studying the individual couples, we targeted mixed halogen/viologen 
electrolytes. We first studied MVCl2/KI, which was stable in the uncharged state 
but formed MV+-I- precipitate upon charging, leading to irreversible capacity 
loss64,74. In contrast, MVCl2/KBr solutions showed highly reversible redox 
behavior of both redox-ions in analytical voltammetry cells (Figure 17). Br- 
benefits from a more positive oxidation potential compared to I-, thus providing 
increased specific energy, but is more reactive/corrosive as Br2 or Br3- compared 
to I3-. 
Cells with 1 M KBr/0.1 M MVCl2 electrolyte were tested by voltammetry and 
galvanostatic cycling to probe the charging mechanism (Figure 18). 
Voltammograms collected with a 1 V window are rectangular indicating a 
capacitive charging mechanism at both electrodes.  As the Br/MV cell was cycled 
beyond 1 V, current peaks were observed at the positive and negative electrodes 
corresponding to Br- oxidation to Br3- and MV2+ reduction to MV+, respectively.  
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Figure 17. Cyclic voltammograms of viologen/bromide half-cells. Cyclic 
voltammograms of the mixed solution of 1 M KBr/0.1 M MVCl2 and 1 M 
KBr/0.1 M HVBr2 collected at 5 mV s-1. A three-electrode half-cell configuration 
was used, with GC disc working, coiled Pt counter and SCE reference electrode. 
Both solutions show the redox process between Br-/Br3- near 0.72 V vs. SCE. 
Other redox processes from MV2+/MV+ at -0.64 V and HV2+/HV+ at -0.40 V vs. 
SCE are observed in 1 M KBr/0.1 MVCl2 and 0.1 HVBr2 solution, respectively. 
Both solutions show reversible redox behavior for both redox couples, without 
irreversible interaction between them.  
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Figure 18. Electrochemical characterization of cells with combined 
electrolytes. (a) and (b) show voltammograms for complete cells collected at 5 
mV s-1 (inset) with the voltages for the positive and negative electrodes separately 
recorded.  (c) and (d) show the galvanostatic charge/discharge profiles at 0.5 A 
gdry-1 to a total cell potential between 0.8 and 1.4 V.  
 
 Figure 18c shows the galvanostatic charging of the same cell to different 
total cell voltages. At both the positive and negative electrodes an initial 
capacitive (linear) voltage-time response is observed followed by a faradaic 
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response as the electrode potential approaches the reduction potential of the 
couple. Figure 19 shows that the self-discharge rate for the 1 M KBr/0.1 M 
MVCl2 cell charged to 1.4 V (𝑡½∙ABCD  = 170 min) is similar to the commercial 
Cellergy control capacitor (𝑡½∙ABCD  = 140 min), but still faster than the 
commercial non-aqueous Maxwell cell and the KI or KBr aqueous cells (𝑡½∙ABCD  
> 6 h), suggesting the MV2+/MV+ is a contributor to the self-discharge reaction 
under these conditions. 
 To further improve the self-discharge (and cycle stability as discussed 
below) we explored different viologens. Heptyl viologen (HV) is known to form 
a strongly bonded solid on electrodes following its reduction in aqueous solution 
in the presence of Br- or I-, as evidenced by voltammetry and UV-VIS 
spectroscopy63,65,75-78. This adsorption/insolubility could be useful to impede 
internal shunting as long as the adsorption process is highly reversible. We first 
tested HVBr2 (the chloride salt is not commercially available) in cells in an 
identical fashion as described above for the KBr/MVCl2 cells. The results are 
similar with the exception that HV2+ has a more-positive reduction potential (Eo 
= -0.60 V vs. SCE) than MV2+ leading to a lower plateau voltage64,65. The 
galvanostatic charge-discharge curves (Figure 18d) also show evidence of higher 
ionic resistance due to the lower ion concentration used in this particular cell.  
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Figure 19. Self-discharge rates in viologen bromide dual redox ECs and 
control devices. (left) Energy retention ηR for the cells with redox-active 
electrolyte demonstrating substantial differences in the self-discharge rate 
between cells with HV and those with MV. (right) Energy retention ηR for the 
commercial and lab-built control EDLC cells tested with inert (non-redox-active) 
electrolyte. 
  
The self-discharge rate of the HVBr2 electrolyte, however, is substantially 
lower than for KBr /MVCl2. Further, the self-discharge rate for HVBr2 decreases 
as the charging voltage is increased, whereas it increases with voltage for 
MVCl2/KBr. This data is consistent with the strong adsorption / precipitation of 
the HV+ onto the activated carbon following charging. The weaker-adsorbing 
MV+ apparently contributes substantially to self-discharge when large 
concentrations build up at high states of charge. The formation of the HV+ films 
was confirmed by voltammetry and visual observation on a GC electrode in an 
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analytical half-cell. In addition, the thin HV+•Br- layer formed on the electrode 
might partially block the Fe2+/3+ impurity transport, which has been reported to be 
a significant self-discharge path in aqueous EDLCs with inert electrolyte55. We 
also note that the adsorption/precipitation process was completely reversible with 
the HVBr2 cell showing nearly 100% coulombic efficiency. 
Impedance spectra were also measured for the 0.4 M KBr/0.1 M HVBr2 cell 
at multiple potentials during charging/discharging (Figure 20). At lower 
operating potentials (0-0.6 V), the impedance spectra look like those of a 
traditional EDLC. With increasing operating potential above ~1 V, the faradic 
reaction with the Br-/HV2+ becomes evident with the formation of a semi-circle 
associated with a small charge-transfer resistance. As the cell becomes 
completely charged at 1.2 V, the “knee” in the Nyquist plot (i.e. the right side of 
the first semicircle) moves to higher impedance indicating an increase in the 
charge transfer resistance relative to that at 1 or 1.1 V (due to consumption of 
available redox couple which adsorbs on the carbon surface after charging). The 
intercept with the real axis at high frequency also increased above 1 V, indicating 
higher series resistance associated with the absorbed redox couple. These 
impedance spectra are thus consistent with HV+•Br- precipitation on the carbon 
electrode. 
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Figure 20. Nyquist impedance spectra of the 0.4 M KBr/0.1 M HVBr2 cell. 
Spectra were measured at different applied potential in the frequency range of 1 
MHz - 0.1 Hz. 
 
The specific capacity and energy density of the redox-enhanced cells were 
evaluated based on galvanostatic cycling profiles at multiple potentials (Table 2). 
These data were collected in the Swagelok cell with excess electrolyte and 
therefore the performance metrics were normalized to the mass of the electrodes 
only and do not include the electrolyte (as is typically done). These results are 
further analyzed via an electrochemical model below. The dramatic effect of the 
added faradaic reaction is apparent; the 1 M KBr/0.1 M MVCl2 cell at 1.4 V 
(driving faradaic + capacitive charging) stores over four times more charge than 
at 1.0 V (capacitive charging only), and has eight times larger energy density.  
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Table 2. Performance metrics obtained using three-electrode Swagelok cells. 
 
Performance quantification and optimization.  
To increase energy density as well as minimize ionic resistance, higher redox-
active electrolyte concentrations are needed. In addition, the practical specific 
energy and power must be evaluated based on both electrode and electrolyte 
mass, as they are both integral to the charge storage process14. MVCl2 is highly 
soluble in water (> 2 M), where-as the HVBr2 solubility is limited to < 0.2 M79. 
1.0 M KBr/0.5 MVCl2 and 0.4 M KBr/0.1 HVBr2 were tested in a two-electrode 
“volume-limiting” cell, which accommodates a precise quantity of electrolyte. 
Thin polycarbonate film (9 µm) instead of Whatman paper (180 µm) was used as 
a separator to minimize excess electrolyte mass.  
Performance parameters measured from galvanostatic cycling at 0.5 A gdry-1 
in volume-limiting cells are given in Table 3. The mass-based metrics are 
reported normalized to both the total active-material mass (electrodes + 
electrolytes) and, in parentheses, the electrode mass only (as is more-typically 
reported). The specific energies achieved for the KBr/MVCl2 system are ~14 Wh 
kgwet-1 or 50 Wh kgdry-1 (16.8 Wh l-1). The specific energies achieved for the 
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KBr/HVBr2 system are ~11 Wh kgwet-1 or 39 Wh kgdry-1 (12.7 Wh l-1). A highly 
concentrated MV2+ cell (1 M KBr/1 M MVCl2) was also assembled to further 
increase the energy density, but the cell showed lower coulombic efficiency with 
ηC(0) ~ 90 %.  
 
Table 3. Performance metrics for electrolyte-volume-limited cells. 
 
 
We also measured the relationship between energy and power in the redox EC 
devices and compared the performance to control aqueous K2SO4 devices and 
published reference data on a Ragone plot (Figure 21). The metrics estimated for 
both devices are promising as they fill a gap between high-power batteries and 
traditional EDLCs using simple, potentially low-cost, aqueous chemistry. 
Additional optimization and cell engineering (discussed below) would be 
expected to significantly further improve both power (reduced internal 
resistance) and specific energy. 
 To study degradation/fading, several cells were cycled at 0.5 and 2.5 A 
gdry-1 (Figure 21 inset). The energy density of the KBr/MVCl2 cell fades over the 
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course of several hundred cycles. This degradation is likely due to irreversible 
polymerization of MV+ in the aqueous electrolyte64,65. In comparison, the 
KBr/HVBr2 cell shows no fading over 2,000 cycles (0.5 A gdry-1) and 20,000 
cycles (2.5 A gdry-1) and its specific energy and power are largely limited by the 
low solubility of HV2+. The Br/HV cell is practically promising due to slow self-
discharge, cycle stability, and relatively high specific energy. There are hundreds 
of viologen derivatives that can be synthesized and it is likely that the appropriate 
combination of solubility and stability can be found65,80,81. This search is the 
central topic in Chapter 3 of this thesis. 
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Figure 21. Ragone plot of redox EC performance from volume-limiting cells. 
Power-energy data for 1 M KBr/0.5 M MVCl2 and 0.4 M KBr/0.1 M HVBr2 
electrolytes are shown in red and green, respectively, are overlaid on the 
performance of various electrochemical devices from Ref 2. The redox EC 
performance metrics were normalized to the mass of both electrodes and 
electrolyte. The inset shows the long-term cycling performance of both cells 
obtained by galvanostatic cycling at 0.5 A gdry -1 and 0.25 A gdry -1 (every 10th 
cycle marked). Higher current was used to speed up the 20,000 cycle test and the 
HV/Br cell showed no degradation after 2,000 cycles at 0.5 A/g or after the 
20,000 cycles at 2.5 A/g. 
 
Comparison to related systems  
There has been previous work aimed at enhancing conventional EDLCs using 
faradaic charging from soluble redox species. Previous cells often rely on a single 
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redox process at one electrode coupled with capacitive charging at the other, but 
this capacity mismatch lowers cell-level performance26-28,30,82-84. Balancing the 
capacity with different redox-species at each electrode has been demonstrated, 
but the potential difference between the couples has been small, leading to low 
specific energy when electrolyte weight is considered, and the cells have required 
an ion-selective Nafion separators29. The Br/viologen cell in this work was 
designed and optimized to achieve high energy density considering all active 
components (electrode and electrolyte) and simultaneously shows much better 
specific energy and self-discharge behavior than typical redox-enhanced EDLCs. 
It is also useful to compare these redox EDLCs to flow batteries60,85. While 
both store charge through oxidation and reduction of soluble couples, the 
underlying design principles and applications are quite different. Flow batteries 
can use relatively expensive separators, such as ion-selective Nafion membranes, 
because the separator is a small component of the total flow-battery system cost 
(that includes pumps, automated controls, and large storage tanks with redox 
electrolyte). In EDLCs, the separators must be inexpensive because they are 
identical in size to the large-area activated carbon electrodes. The redox couples 
in the catholyte and anolyte must also be stable together, as it would be practically 
challenging in a redox EDLC to prevent crossover by sealing the catholyte from 
the anolyte compartments. Redox EDLCs require careful control and 
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optimization of the carbon porosity, as the carbon serves as the reservoir for the 
redox electrolyte and also contributes substantial capacitive energy storage 
capability (see below). Practically, flow batteries find application in grid-scale 
energy storage, where-as the redox EDLCs are more appealing for high power 
applications, for example in transportation. 
 
Electrochemical model and predicted performance limits 
To better understand the system and predict performance limits we developed 
an electrochemical model. To model the total energy storage of the system, the 
contributions from capacitive energy storage and faradaic energy storage are 
treated as separate processes occurring simultaneously. At every state of charge, 
the amount of capacitive and faradic charge passed to (or from) one electrode is 
a function of the electrode potential Eel. The capacitive contribution to the charge 
qcap is 𝑞`_ = 𝐶4_ · 𝑚EF · 𝐸EF − 𝐸EF,; 																																(2.15) 
where Csp is the specific electrode capacitance, mel is the electrode mass, and 
Eel,0 is the electrode potential in the discharged state – also known as the point of 
zero charge (PZC). The faradaic contribution is derived from the Nernst equation 
(i.e. assuming fast electrode kinetics). 
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𝐸EF = 	𝐸°’	– 𝑅𝑇𝑛𝐹 ∗ ln 𝑄 																																						(2.16) 
Eel is the electrode potential, R is the gas constant, T is the temperature in 
Kelvin,  n is the number of electrons involved in the electrochemical half-
reaction, and E0’ is the formal potential for the redox half-reaction. Q is the 
reaction quotient for the general redox half-reaction, 𝑥X	 + 	𝑛e| 	→ 𝑦Y, and is a 
function of the total charge transferred through redox reactions qred, the initial 
redox-species concentration, and the electrolyte volume: 
𝑄	 =    = ored ∗ LSLXTMUSTL

¡' ∗ LSLXTMUSTLmoMLK ∗ LSLXTMUSTL
          (2.17) 
Where [X0] is the initial concentration of the anolyte or catholyte. It should be 
noted that no activity coefficients are included here. These are incorporated into 
E0’, the experimentally determined formal potential. In a more advanced 
treatment, E0’ would be dependent on the SOC instead of being treated as a 
constant, as the ionic strength of the electrolyte changes with time. Combining 
Equation 2.16 and 2.17 and solving gives qred as a function of Eel. 
The total faradaic charge passed through the electrode qfar at a potential Eel is:  𝑞Z[ = 𝑞[E2 EEF − 𝑞[E2 𝐸EF,; 																																		(2.18) 
The total charge passed for an electrode is the sum of faradaic qfar and 
capacitive qcap components. 
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𝑞EF = 	 𝑞Z[ + 𝑞`_																																													(2.19) 
The complete cell operates under the constraints that the total charge passed 
qcell is equal to the charged passed at the positive qp and negative qn electrodes.  		𝑞`EFF = 𝑞_ = 𝑞d	, 	𝑉 EFF = 𝐸_ − 𝐸d                         (2.20) 
The above set of equations are solved numerically using the Mathematica 
code shown in Appendix 1 over the range of Vcell,min to Vcell, max to generate charge-
discharge profiles for the redox ECs, which are overlaid on experimental data in 
Figure 22. With this model, it is also possible to find the total energy and capacity 
of the device, the charge/discharge profiles of the anode and cathode, and even 
the degree of conversion of each redox couple.  
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Figure 22. Model calculations compared to experimental data for 
galvanostatic charge/discharge profiles. The experimental data (dashed lines) 
was for a 1 M KBr/0.5 M MVCl2 (nominal) cell cycled to 1.4 V at 0.5 A gdry-1. 
The experimental charge and discharge curves are overlaid to illustrate the 
hysteresis and coulombic efficiency of the real cell. The model parameters that 
best fit the experimental data are: Csp,+ = 95 F g-1,  Csp,- = 105 F g-1, 	𝑬°′𝐁𝐫𝟑m/𝐁𝐫m  = 
0.70 V vs. SCE, 	𝑬°′𝐌𝐕𝟐¬/𝐌𝐕¬  = -0.53 V vs. SCE,  [KBr] = 1.2 M, and [MVCl2] 
= 0.6 M. All other values, such as electrode mass and dimensions, electrolyte 
density, free volume available to electrolyte, and Eel,0 were measured 
experimentally or calculated directly from experimental measurements. 
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Comparing the model to experimental data provides insight into the device 
operation. The formal potential of MV2+/MV+• (in the activated carbon) is found 
to be -0.53 V vs. SCE, less negative than the standard potential of -0.69 V vs. 
SCE64,65. From the electrochromics literature it is known that, for certain 
electrode/viologen/anion combinations, viologen dications are reversibly 
reduced to form an adsorbed [V+•][X-] layer on the electrode at potentials less 
negative than the standard potential63,64,74,86,87. This precipitation of HV+ with Br- 
is consistent with the measured impedance spectra that show increased series 
resistance after HV+ adsorption (Figure 20). A similar mechanism occurs at the 
positive electrode, where the formal potential for Br-/Br3- from the model is 0.70 
V vs. SCE, less positive than the standard potential of 0.81 V vs. SCE54. The 
formal potentials obtained from the model thus indicate strong adsorption at both 
electrodes, consistent with the separate self-discharge and adsorption 
measurements described earlier. 
Because the electrolyte volume and total faradaic charge passed through the 
cell are known, it is also possible to calculate the initial concentration of redox-
active species. Electrodes soaked in 1 M KBr / 0.5 M MVCl2 before cell assembly 
end up with an effective MV2+ concentration close to 0.6 M and electrodes soaked 
in 1 M KBr/ 0.1 M MVCl2 with a MV2+ concentration close to 0.4 M. Submerging 
the electrodes in excess electrolyte during fabrication apparently leads to 
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concentration of the viologen in the activated carbon due to physical adsorption, 
an effect observed by others71. Additionally, the vacuum steps during electrolyte 
filling cause some electrolyte evaporation, increasing the concentration of all 
species by 18 ± 8 %. 
The agreement between experiment and simulation indicate the redox EC 
operates as outlined in the above electrochemical model. The simulation thus 
enables predication of performance limits. By adjusting variables including 
electrode density, which determines the free volume available for redox-active 
electrolyte, and the concentration of redox-active species, we calculated the 
performance of different cell configurations (Figure 23). The simulations suggest 
that by finding a viologen with the stability of heptyl viologen and the high 
solubility of methyl viologen, a specific energy 2-3 times higher than what is 
reported here is experimentally possible.  
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Figure 23. Specific energy predictions using the electrochemical model for 
the KBr/MVCl2 system. The numbers indicate different concentrations (in 
mol/L) of redox-active species in the electrolyte for a range of activated carbon 
electrode densities. The specific energy is normalized to the mass of electrodes 
and electrolyte and the specific capacitance of each electrode is modeled as 100 
F/g. For very low electrode density, the performance is determined only by the 
redox-active electrolyte (somewhat akin to a “static” flow battery). Without 
redox-active species the pure EDLC behavior is recovered, as indicated by the 
blue region at the bottom of the plot. The experimental data for the 0.5 M 
MVCl2/1 M KBr (nominal) cell with a density of 0.42 g/cm3 and capacitance of 
108 F/g is indicated by the red star.  
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Conclusions 
This chapter introduced redox ECs with new viologen couples and high 
specific energies of 14 Wh kgwet-1 (1 M KBr/0.5 MVCl2) and 10 Wh kgwet-1 (0.4 
M KBr/0.1 HVBr2) when accounting for the complete electrolyte and electrode 
mass. Because redox-active ions compose the electrolyte, the approach converts 
the “dead” weight of a conventional EDLC electrolyte into an active element for 
charge storage. The cells use neutral-pH electrolyte, can be assembled without a 
dry-room or glove box, and have slow self-discharge similar to commercial non-
aqueous cells – without the use of an ion-selective membrane separator that is 
needed in other systems. By studying related redox electrolytes, we showed that 
the slow self-discharge is due to adsorption of the charged form of the redox 
couples (e.g. Br3- and MV+/HV+) onto the activated carbon and that simple 
electrostatic effects were unable to prevent self-discharge. Our electrochemical 
model quantitatively describes the measurements and demonstrates that, with 
targeted design of new couples, the energy density could be further improved by 
a factor of three to near 50 Wh kg-1. These systems may thus find use in 
applications requiring energy and power performance in-between that of batteries 
and traditional electrochemical capacitors.   
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Chapter 3 
 
Efficient charge storage in dual-redox 
electrochemical capacitors through 
reversible solid complexation  
3 
                                         
The contents of this chapter have substantially appeared in the following 
reference: B. Evanko, S. J. Yoo, S.-E. Chun, X. Wang, X. Ji, S. W. Boettcher, 
and G. D. Stucky, “Efficient Charge Storage in Dual-Redox Electrochemical 
Capacitors through Reversible Counterion-Induced Solid Complexation,” J. Am. 
Chem. Soc. 138, 9373, 2016. 
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Introduction 
Commercial electric double layer capacitors (EDLCs) provide specific power 
as high as 20 kW/kg for millions of cycles, but have a low energy density 
compared to other energy storage systems of ca. 6 Wh/kg (8 Wh/L). 1,2 To 
increase the energy density of EDLCs, research has focused on developing 
pseudocapacitive systems that add faradaic energy storage. 3–10 One recent 
approach is to replace the traditional solid-state pseudocapacitive materials with 
soluble redox couples. 11–16 Such redox-enhanced electrochemical capacitors 
(redox ECs) provide high power density and increased specific energy without 
the need for nanostructured metal oxide/nitride electrodes and allow for good 
performance in aqueous (aqueous) electrolytes. However, they are challenged by 
cycle stability and internal self-discharge due to cross-diffusion of redox-active 
electrolytes. 17,18 For efficient redox ECs, the redox couples used should exhibit 
fast and reversible electron transfer and be retained inside the porous electrodes 
in their charged states (i.e. oxidized catholyte or reduced anolyte) to eliminate 
self-discharge. 19 
Heptyl viologen/bromide (HV/Br), discussed in detail in Chapter 2, is a 
promising dual-redox-active electrolyte for aqueous redox ECs (Figure 24a). 20 
The system maintains cycling stability over 20,000 cycles and has a slow self-
discharge rate without using a costly ion-selective membrane as a separator. 
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However, due to the low solubility of HV (<0.2 M), the specific energy is limited 
to ca. 30 Wh/kgdry, i.e. normalized to the dry mass of both the positive electrode 
(cathode) and negative electrode (anode). Substituting HV with highly soluble 
methyl viologen (MV) increases specific energy to 50 Wh/kgdry, but energy 
density fades rapidly over the course of several hundred cycles (Figure 24b) and 
the self-discharge rate increases. 12 One critical challenge is to attain high energy 
density, stable cycling, and minimal self-discharge in a single device. 
 
 
Figure 24. Viologen/bromide redox ECs. (a) Viologen dibromide and faradaic 
energy storage reactions of bromide and viologen (denoted as V). (b) Cycling 
stability of redox ECs. Cells are charged to 1.4 V (0.5 M MVCl2/1 M KBr) and 
1.2 V (0.1 M HVBr2/0.4 M KBr), at 0.5 A/gdry in custom Swagelok cells.  
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In this chapter, we investigated viologen/bromide dual-redox ECs to elucidate 
the mechanisms underlying the observed cycling behavior. We find that the 
stability of the HV/Br system is due to the effective retention of charged redox 
products through reversible electrodeposition/precipitation at the electrode 
surface. Based on fundamental understanding of the electrolyte chemistry, we 
rationally design an electrolyte system that incorporates pentyl viologen (PV) as 
anolyte and bromide as catholyte. This system combines the cycling stability of 
HV with the solubility of MV to produce a high specific energy of 48.5 Wh/kgdry 
(20 Wh/L) at 0.5 A/gdry (average specific discharge power of 0.44 kW/kgdry) and 
maintains stability with 97 % energy retention over 10,000 cycles at 2.5 A/g (2.0 
kW/kgdry). In addition, we show that the redox EC allows completely symmetric 
operation without failure or instability when operated with reversed polarity.  
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Materials and Methods 
Materials. All reagents and starting materials were obtained commercially 
and used as received without any further purification: 
n-bromobutane, n-bromopentane, n-bromohexane, sodium bromide (NaBr), 
sodium dithionite (Na2S2O4), and polytetrafluoroethylene (60 weight % aqueous 
dispersion) were purchased from Sigma-Aldrich. Acetonitrile, heptyl viologen, 
and 4,4’-bipyridine were purchased from TCI America. Methyl viologen and 
hydrobromic acid (HBr) were purchased from Acros Organics. Sodium bromate 
(NaBrO3) was purchased from J. T. Baker Chemical Co., isopropanol was 
purchased from VWR, and potassium bromide (KBr) was purchased from EMD 
Chemicals Inc. Water was from a Milli-Q SimplicityTM 185 system with 
resistivity ≥ 18.2 MΩ•cm (if not specified, all solutions in the following 
paragraphs refer to aqueous solutions.) 
Activated carbon. Activated carbon was prepared by physical CO2 activation 
of high-purity coal tar pitch-based carbon fibers (Donacarbo S-241, Osaka Gas 
Co., 13 µm OD x 130 µm long).21 Carbon fibers (1 g) were heated in a tube 
furnace at 890 ºC under flowing CO2 (100 SCCM) for 22.5 h. The resulting 
activated carbon had a 26.8 % yield (73.2 % burn-off), a Brunauer-Emmett-Teller 
(BET) specific surface area of 2,470 m2g-1, and a methylene-blue-accessible 
specific surface area of 1,620 m2g-1. Additional details, including elemental 
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composition and pore size distribution are reported in the literature and in the 
Materials and Methods section of Chapter 2.20 
Viologen bromide salts. Symmetric viologens were synthesized by N-
alkylation of 4,4’-bipyridine with various alkyl halides under microwave 
irradiation conditions.  
 
For the synthesis of pentyl viologen (1,1’-dipentyl-4,4’-bipyridinium 
dibromide), 700 mg of 4,4’-bipyridine (1 equiv) was dissolved in 7.5 mL of 
acetonitrile, and 5 mL of excess 1-bromopentane (ca. 10 equiv) was added in a 
20 mL microwave reactor vial. The reaction was carried out in three stages in a 
Biotage Initiator Classic Microwave Synthesizer as follows: 2 min. at 120 ºC, 20 
min. at 135ºC, and 10 min. at 140 ºC, with stirring at 600 rpm. Reaction progress 
was monitored by TLC (10 % water/20 % methanol/70% acetic acid as an eluent) 
until the reaction was terminated when the starting 4,4’-bipyridine was consumed 
and the mono-substituted byproduct disappeared. After the reaction, the reaction 
mixture was filtered, washed with acetonitrile several times, and dried for 2 days 
under vacuum at room temperature. Pentyl viologen (1.5 g; 3.3 mmol; 73 % 
yield), was obtained as a yellow crystalline solid whose spectral properties 
matched those reported in the literature.22 The same procedure was used for butyl 
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viologen (1,1’-dibutyl-4,4’-bipyridinium dibromide) and hexyl viologen (1,1’-
dihexyl-4,4’-bipyridinium dibromide) with slight modifications: For butyl 
viologen, 700 mg of 4,4’-bipyridine was dissolved in 5 mL acetonitrile and 5 mL 
1-bromobutane. For hexyl viologen, 700 mg of 4,4’-bipyridine was dissolved in 
5 mL acetonitrile and 7.5 mL 1-bromohexane. All spectroscopic data were 
consistent with those reported for these compounds.3  
Tribromide (Br3-) solution. Bromine and Br3- were generated using the 
following chemical reactions: 23 
NaBrO3 + 5 Br- + 6 H+ → 3 Br2(aq) + 3 H2O 
Br2(aq) + Br- ⇌ Br3-    (Keq = 16.1 M-1) 
To produce a 10 mL stock solution of 120 mM Br3-, 3 mL of 2 M HBr, 3 mL 
of 2 M KBr, and 4 mL of 0.1 M NaBrO3 were combined in a glass vial and stirred 
for 10 minutes. The resulting Br3- solution is dark orange.    
 
Fabrication of redox-enhanced electrochemical capacitors (redox ECs) 
Carbon electrodes. 0.056 g of polytetrafluoroethylene (PTFE) binder (60 
weight % aqueous dispersion), 0.033 g of acetylene black conductive additive 
(Vulcan® XC72R), and 4 mL isopropanol were combined and mixed in a 10 mL 
mixing cup for 2 minutes on a vortex mixer followed by 5 minutes on a FlackTek 
high shear mixer at 2000 rpm. Next, 600 mg of activated carbon was added to the 
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resulting slurry and the mixing steps were repeated. The resulting material was 
rolled with a PTFE rolling pin and folded over itself 5-10 times until a single 
freestanding film was formed. This film was dried overnight at 160 ºC in air, 
ground into a powder through mesh sieve, and then dried again under high 
vacuum at room temperature. The resulting electrode material contained 
activated carbon, carbon black conductive additive, and PTFE binder in a 90:5:5 
mass ratio, respectively. Freestanding 10 mg electrode pellets were pressed from 
the powder in a 1 cm die (MTI Corporation) on a Carver hydraulic press under 
an applied uniaxial force of 2 tons, applied 3 times. Electrodes were 1 cm in 
diameter and 300 ± 5 um thick, for a total volume of 0.024 cm3, density of 0.42 
g/cm3, and areal mass loading of 12.7 mg/cm2.  
 
Building the cell stack. To build each symmetric cell, two electrodes were 
placed in a glass cup and immersed in 1.5 mL of electrolyte. To infiltrate the 
hydrophobic electrodes with aqueous electrolyte, vacuum and nitrogen (150 psi) 
were alternately applied for 5 minute intervals, 10 times (Figure 25). The process 
was carried out twice to ensure the electrolyte was thoroughly infiltrated. 
Electrodes were removed from the excess electrolyte and assembled into a cell 
stack by placing them on either side of an electrolyte-wetted, 12 mm diameter 
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filter paper or polycarbonate separator (Whatman #1 or Sterlitech PCT069030, 
respectively).  
   
Figure 25. Vacuum-Pressure setup for electrolyte infiltration. Electrodes are 
submerged in cups of electrolyte and placed into a pressure chamber made of 
brass pipe fittings. Pressure (left) is applied with 150 psi N2 and vacuum (right) 
is applied with a roughing pump. Alternate exposure to vacuum and pressure 
causes improved wetting of the electrodes and infiltrates the hydrophobic 
micropores with electrolyte solution.  
 
Cell assembly. Cell bodies were formed by boring out the center of ½” 
Swagelok PFA Unions. Current collectors were formed by bonding 3-mm-thick 
type 1 glassy carbon discs (Alfa Aesar) to the ends of 12 mm diameter stainless 
steel rods (McMaster-Carr) with silver epoxy (CW2400 - Chemtronics), and 
encapsulating the sides of the disc and rod in electrically insulating and 
chemically protective epoxy (Stycast 1266 – Emmerson and Cumming). The cell 
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stack was placed between the two glassy-carbon-capped current collectors inside 
the cell body. The assembly was held together by tightening the PFA nuts and 
ferrules while applying ~50 psi of pressure on the stack through the current 
collectors. This differs from many electrochemical cells (e.g. Li-ion coin cells) 
that contain springs, and instead relies on the elasticity of the thick electrodes to 
maintain pressure. For the three-electrode configuration tests, a T-shaped 
Swagelok PFA union was used with an Ag/AgCl reference electrode (Fisher 
ScientificTMaccumetTM) placed with the tip at the edge of the separator with 0.5 
mL of excess electrolyte added to submerge the reference electrode frit. Cell 
assemblies are shown in Figure 26. 
 
 
Figure 26. Custom Swagelok Cells. Two PFA Swagelok cells are shown: a fully 
assembled two-electrode cell (left) and a partially assembled three-electrode cell 
(lower-right). 
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Electrochemical characterization of redox ECs. All galvanostatic 
charge/discharge cycling (GCD) tests were performed on a Bio-logic VMP3 
potentiostat/galvanostat at a temperature of 25 ± 1 ºC. Glassy carbon surfaces of 
the current collectors were polished using polishing alumina (0.05 μm) and then 
washed with water and methanol prior to any measurements. The applied current, 
I, for GCD testing was normalized to the dry mass (activated carbon, carbon 
black, and PTFE binder) of both positive and negative electrodes (denoted as 
A/gdry) – e.g. a current of ±20 mA was applied to cycle a cell with symmetric 10 
mg electrodes at a rate of 1 A/gdry.  
Voltage, V, is measured as a function of time, t, and charging or discharging 
stops when V reaches Vmax (i.e., 1.2 V) for charging or Vmin (i.e., 0 V) for 
discharging, respectively. The following equations are used for calculating 
device performance: 
 
Charge capacity, Qch (mAh)  𝑄`­ = 𝐼 ­ ∙ 𝑡`­   (3.1) 
Discharge capacity, Qdis (mAh) 𝑄234 = 𝐼234 ∙ 𝑡234   (3.2) 
Coulombic efficiency, ηC   𝜂¯ = 𝑄234/𝑄`­   (3.3) 
Charge energy, Ech (Wh)  𝐸`­ = 	 𝐼`­ ∙ 𝑉 𝑡 	𝑑𝑡:X±;   (3.4) 
Discharge energy, Edis (Wh)  𝐸234 = 	 𝐼234 ∙ 𝑉 𝑡 	𝑑𝑡:KIQ;  (3.5)  
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Energy efficiency, ηE    𝜂A = 𝐸234/𝐸`­   (3.6)  
Average power, Pdis (W)  𝑃234 = 𝐸234/𝑡234   (3.7) 
 
Energy reported in the manuscript indicates discharge energy, Edis, which is 
normalized to the dry mass of both positive and negative electrodes to get specific 
energy (Wh/kgdry), or to the combined volume of both electrodes to get energy 
density (Wh/L).  
The GCD procedure was modified for discharge rate tests and self-discharge 
tests as follows: 
Discharge rate tests were performed by repeatedly charging the cell to 1.2 V 
at 0.5 A/gdry and discharging it to 0 V for 5 cycles each at 0.5 A/gdry, 1 A/gdry, 2.5 
A/gdry, 5 A/gdry, 7.5 A/gdry, and 10 A/gdry, respectively. The self-discharge rate was 
studied based on the decay of discharge energy as a function of open circuit time, 𝛿. First, the cell was charged to 1.2 V by applying a constant current (0.5 A/gdry). 
Then, while monitoring the cell potential decay, the cell was left at open circuit 
for 6 h. After the open circuit period, the cell was discharged to 0 V by extracting 
the same constant current density (0.5 A/gdry). Energy retention, ηR, after time δ 
at open circuit is defined and calculated by the following formula: 
 𝜂³ 𝛿 = 𝐸234(𝛿)/𝐸234(0)    (3.8) 
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Normalized performance metrics and theoretical capacity 
Performance normalization. Electrodes and electrolyte from a 1 M 
PVBr2/3M NaBr 2-electrode cell massed before and after cycling were 82 mg. 
Based on this mass and the electrolyte density of 1.41 g/cm3, the electrolyte 
volume and the relative mass of the different electrolyte components were 
calculated and summarized in Table 4. The cell performance was then normalized 
to the total masses of electrodes only (indicated as gdry), and electrodes plus 
electrolyte (indicated as gwet).  
 
Table 4. Properties of a 1 M PVBr2/3M NaBr electrolyte in a cell with 
symmetric 10 mg electrodes   
Electrolyte density 1.41 g/cm3 
Electrolyte mass 62 mg 
a. PVBr2 20 mg 
b. NaBr 14 mg 
c. H2O 28 mg 
Electrolyte volume 44 µL 
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Additional analytical measurements 
Cyclic voltammetry of viologens. The cyclic voltammetry experiments were 
carried out in a conventional three electrode cell using a Potentiostat 600C (CH 
Instruments, Austin, TX). A glassy carbon disc (CH Instruments, 3 mm diameter) 
served as the working electrode and a platinum wire as the counter electrode. The 
glassy carbon disc electrode was polished using polishing alumina (0.05 μm) and 
the Pt disc electrode was rinsed first with acetonitrile followed by water and 
methanol, and then dried before each experiment. A saturated calomel reference 
electrode (SCE, CH Instruments) was used. The supporting electrolyte was 0.5 
M KBr dissolved in ultrapure water obtained from a Milli-Q SimplicityTM 185 
system with resistivity ≥ 18.2 MΩ•cm. 
 
UV-Vis measurements for testing complexation of viologens and Br3-. The 
UV-Vis spectra were acquired on an Agilent 8453 UV-Vis spectrophotometer 
equipped with a cuvette holder. All spectra were recorded under ambient 
conditions with a 1 cm light-path.  
To generate spectra of uncomplexed viologen dications, 0.5 mL of each 60 
mM viologen solution was combined with 1 mL water in 1.5 mL centrifuge tubes. 
Tubes were agitated with a vortex mixer for 1 min and left to sit overnight. Before 
UV-Vis measurements, tubes were centrifuged for 5 min at 4,000 rpm and then 
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a 5 uL sample of the solution was diluted 400 times into 1.995 mL water in a 
quartz cuvette. The capped cuvette was shaken to ensure a homogeneous analyte.  
To generate spectra of the viologens after complexation with Br3-, each 0.5 
mL of 60 mM viologen solution was combined with 0.5 mL water and 0.5 mL of 
120 mM Br3- solution. Prepared samples were processed with the same methods 
stated above before UV-Vis measurements.   
Optical absorption data for both complexed and uncomplexed viologen 
samples were normalized to the absorbance at the absorption maxima for the 
uncomplexed sample.       
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Results and Discussion 
In aqueous electrolytes, the 1,l'-substituents of the viologens (1,1'-
disubstituted-4,4'-bipyridinium dications) significantly affect the solubility of the 
cation radical. 24 With bromide as the counterion, viologen dications with alkyl 
substituents R ≥ 5 (n-pentyl) precipitate as the [V+••Br-] salt at the electrode 
surface when reduced. 25,26 Solubility tests of HV+• and MV+• in the presence of 
KBr indeed show that HV precipitates as the [HV+••Br-] salt and [MV+••Br-] 
remains dissolved in solution (Figure 27). 
 
 
Figure 27. Complexation of viologen radicals. Complexation of (V+•) by the 
bromide anion (Br-) to generate [V+••Br-] complex. (left) [MV+••Br-] and (right) 
[HV+••Br-] formed by reducing a solution of 60 mM V2+ in the presence of 0.1 M 
KBr with excess sodium dithionite (Na2S2O4).  
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 We first investigated whether the difference in solubility of the [V+••Br-] salt 
at the anode affects the overall cycling stability of the cell (Figure 24), noting that 
the soluble MV+• could be susceptible to irreversible reactions (e.g., 
polymerization).20 To study the degradation mechanism, we built two asymmetric 
EC cells, one with the MV2+/MV+• redox couple (0.1 M MVCl2) and the other 
with the Br-/Br3- redox couple (1 M KBr) for comparison, without any other 
electrolyte. Counter electrodes were ruled out as a source of fading by oversizing 
them so that charge storage was only via double-layer capacitance. Galvanostatic 
charge/discharge cycling (GCD) potential profiles are shown in Figure 28.  
 
 
Figure 28. Asymmetric cells testing anolyte and catholyte stability. GCD 
potential profiles for the cathode (+), anode (−), and total cell for (a) first 400 
cycles of Br- catholyte with an EDLC anode (6:1 anode to cathode mass ratio), 
and (b) first 1000 cycles of MV2+ anolyte with an EDLC cathode (3:1 cathode to 
anode mass ratio).  
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The KBr cell degrades rapidly, and over the course of 400 cycles nearly all 
faradaic charging at the cathode disappears (Figure 28a). The MVCl2 cell, 
however, maintains consistent GCD potential profiles for both cathode and anode 
and even exhibits slight performance improvement over 1000 cycles (Figure 
28b). The stability of the asymmetric MVCl2 cell suggests that although soluble 
MV+• leads to low coulombic efficiency and high self-discharge, the MV2+/MV+• 
redox couple is stable and does not contribute to cell fading. Extended cyclic 
voltammetry (CV) scans of MVCl2/KBr electrolyte at cathodic potentials confirm 
the reversible redox behavior of MV2+ anolyte (Figure 29), and indicate that no 
significant degradation products accumulate on the electrode surface. With the 
evidence suggesting that degradation likely occurs at the cathode, we next 
focused on understanding why the Br-/Br3- redox reaction causes instability when 
operating alone or in the presence of MV, but remains stable when paired with 
HV.  
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Figure 29. Extended cyclic voltammetry of MV/Br electrolyte. Repeated 
cyclic voltammograms of 50 mM MVCl2/0.2 M KBr electrolyte are shown for 
50 scans to -0.8 V followed by 300 scans to -0.9 V at a scan rate of 10 mV/s. 
 
Bromide is an efficient catholyte in electrochemical energy storage systems, 
27 particularly in aqueous redox flow batteries.28 However, bromine is corrosive, 
volatile, and intercalates graphitic carbons to cause electrode degradation.29 To 
address these issues, quaternary ammonium salts are used in flow batteries to 
complex Br2/Br3-, reducing the reactivity and vapor pressure.30,31 Because 
viologens are structurally similar to these quaternary ammonium salts, they may 
also complex Br2/Br3- in redox ECs. We hypothesized that (1) V2+ complexes Br3- 
at the cathode, (2) the length of the alkyl substituent determines the solubility of 
the complex, and (3) HV effectively complexes Br3- into an insoluble salt, 
suppressing its reactivity and cross-diffusion.  
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To determine if HV is better at precipitating Br3- as a solid complex than MV, 
20 mM aqueous MV2+ or HV2+ was measured by ultraviolet-visible spectroscopy 
(UV-Vis) with and without 40 mM Br3-. After mixing, 4.0 mM MV2+ remained 
dissolved in solution as compared to 0.6 mM HV2+. The MV solution also retains 
a yellow tint from dissolved Br3-, while the HV solution turns clear (Figure 30). 
Greater precipitation of the nominally [HV2+•2Br3-] complex compared to the 
MV complex is likely driven by the increased hydrophobicity of HV imparted by 
its longer alkyl substituents.32 The formation of solid [HV2+•2Br3-] in the cathode 
should thus suppress the reactivity and diffusion of Br3-, allowing the HV/Br cell 
to cycle stably while the MV/Br cell fades due to the presence of free Br3-.  
 
 
Figure 30. Complexation of Br3- by methyl and heptyl viologen dications. 20 
mM MVCl2 or HVBr2 (left) and 40 mM Br3- (center) form solid complexes of 
[MV2+•2Br3-] or [HV2+•2Br3-] (right) when mixed in aqueous solution. The degree 
of complex precipitation is higher for HV than for MV. In the case of MV, a 
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significant amount of Br3- remains dissolved in solution, which can be visually 
observed as a yellow tint compared to the clear HV/Br3- solution. 
 
To confirm the role of viologen in complexing Br3- and stabilizing the redox 
ECs, we constructed a cell with higher concentrations of the MV/Br electrolyte 
(i.e. increasing from 0.5 M MVCl2/1 M KBr to 1 M MVCl2/4 M NaBr). The cell 
GCD cutoff potential for the concentrated cell was reduced from 1.4 V to 1.3 V. 
Both cells therefore store nearly equal energy, but the concentrated cell has 
excess Br- present at the cathode after charging, which facilitates the formation 
of Br3-, and an increased concentration of MV2+, which supports efficient 
complexation and precipitation of Br3-. Over 450 cycles, stability significantly 
improved from a 62 % capacity loss in the original cell to only 17 % in the 
concentrated cell (Figure 31). This result supports the proposed operating 
mechanism by confirming that cell degradation slows when Br3- is more 
efficiently complexed.      
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Figure 31. Cycling stability for concentrated MV/Br cell. A 1 M MVCl2/4 M 
NaBr cell and a 0.5 M MVCl2/1 M KBr cell are cycled at 0.5 A/gdry to 1.3 V and 
1.4 V, respectively. The highly concentrated cell exhibits significantly less 
capacity fade over 450 charge/discharge cycles.  
 
Previously, the slow self-discharge of the halides could not be explained 
purely by electrostatics and was attributed to the physical adsorption of Br3- at 
the electrode surface suppressing cross-diffusion in the charged state.13,20 We 
show here that retention of Br3- is driven by the formation of the [HV2+•2Br3-] 
solid complex at the cathode. Together with the simultaneous generation of the 
[HV+••Br-] solid complex at the anode,26 the charged products (HV+• and Br3-) are 
immobilized within the porous hydrophobic electrodes, suppressing cross-
diffusion (Scheme 1 and Figure 32). Microscopic electrodeposition/precipitation 
occurring at both electrodes is consistent with the exceptionally low self-
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discharge (energy retained after 6 h at open circuit, ηR(6 h) = 86 %) and high 
coulombic efficiency (99.9 %) of the HV/Br device. Therefore, in order to 
improve the specific energy of viologen/bromide redox ECs without 
compromising on self-discharge or stability, electrolyte design must account for 
and optimize the dual complexation/precipitation effect. 
 
 
Scheme 1. Charge/discharge mechanism of the HV/Br system with dual 
reversible solid complexation. Each ion acts as a charge-storing redox couple at 
one electrode and as a complexing agent at the other. 
 
For redox ECs, high redox-active electrolyte concentrations are advantageous 
to maximize faradaic energy storage while minimizing electrolyte volume. New 
viologens to replace MV or HV must (1) be easy to synthesize, (2) have high 
solubility (≥1 M, for energy density), (3) precipitate as a solid complex when 
reduced at the anode (for high coulombic efficiency and slow self-discharge), and 
(4) form an insoluble complex with Br3- at the cathode (for stability, coulombic 
efficiency and slow self-discharge). Meeting these criteria is challenging because 
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the long hydrophobic alkyl chains that enhance (3) and (4) work against (2) in 
aqueous systems.  
 
 
Figure 32. Dual redox ECs with reversible solid complexation. The viologen 
bromide system uses a single, homogeneous electrolyte with a non-ion-selective 
separator. One organic salt dissociates into anionic and cationic species that act 
as redox-active catholyte and anolyte, respectively. Each species acts as a charge-
storing redox couple at one electrode and as a complexing agent at the other 
electrode. By optimizing the functional group, reversible electroprecipitation of 
a solid complex at each electrode is possible, improving cycling stability and 
decreasing self discharge. The solid films forms in the charged state (below), and 
redissolves into the electrolyte in the discharged state (above).  
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We synthesized a series of alkyl-substituted viologens with R ≥ 5, as 
viologens with shorter alkyl chains do not precipitate with Br- upon reduction 
(Scheme 2 and Table 4).24 Although not expected to precipitate, butyl viologen 
was synthesized as well for comparison. Hexyl viologen exhibits insufficient 
solubility (<0.5 M) in the presence of NaBr, but butyl viologen (BV) and pentyl 
viologen (PV) are highly soluble (>1.5 M).  
 
 
Scheme 2. Synthesis scheme for alkyl viologens 
 
Table 5. Redox potential and solubility for synthesized viologens 
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Cyclic voltammograms for the synthesized viologens in the potential range of 
the negative electrode are shown in Figure 33a, demonstrating a trend of 
increasingly anodic reduction potentials as alkyl chain length increases. BV and 
PV were tested for solid complexation with Br3- by UV-Vis and compared to MV 
and HV (Figure 33b). The addition of Br3- decreased the concentration of both 
PV and HV dissolved in the solution by ca. 97%, indicating that PV forms a solid 
complex as effectively as HV. BV shows similar complexing capacity to MV.  
 
 
Figure 33. Screening synthesized viologens. (a) Cyclic voltammograms were 
recorded at a scan rate of 5 mV/s with 20 mM viologen in 0.5 M KBr electrolyte. 
(b) UV-Vis absorption spectra quantifying V2+ remaining dissolved in the 
supernatant after 20 mM V2+ complexes and precipitates with 40 mM Br3-. 
Spectra are normalized to absorption maxima of 20 mM V2+ solutions without 
Br3-, thus absorbance peak values here translate to the fraction of the initial V2+ 
that remains uncomplexed. 
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With both high solubility and good complexing capacity, we selected PV for 
further study in dual-redox ECs. A three-electrode cell (Figure 34a) and a two-
electrode cell (Figure 34b and Figure 35) with a 1 M PVBr2/3 M NaBr electrolyte, 
paper separator, and symmetric activated carbon electrodes with a 12.7 mg/cm2 
mass loading were assembled and tested by GCD. The 2-elecrode cell produced 
48.5 Wh/kgdry at 0.5 A/gdry (0.44 kW/kgdry) with slow self-discharge (ηR(6 h) = 77 
%). The PV/Br cell delivers ca. 75 % higher specific energy than the HV/Br cell 
over a wide range of discharge rates (Figure 34b, from 0.44 kW/kgdry at 0.5 A/gdry 
to 4.2 kW/kgdry at 10 A/gdry). Performance metrics were also calculated for the 
wet stack mass, taking into account the electrolyte contribution, as shown in 
Table 6. 
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Figure 34. Performance of 1 M PVBr2/3 M NaBr cells. (a) GCD potential 
profiles for the cathode (+), anode (−), and total cell cycled at 0.5 A/gdry. During 
charging, the electrochemical behavior transitions from capacitive to faradaic. (b) 
Specific energy of PV/Br and HV/Br cells at different discharge rates in a 2-
electrode volume limiting cells. Both cells were charged to 1.2 V at 0.5 A/gdry 
and discharged at rates from 0.5 A/gdry to 10 A/gdry.  
 
Table 6. Performance metrics normalized to different cell components  
	 Dry	electrodes		 Wet	electrodes	
Normalization	mass	(mg)	 20	mg	
Cathode:	10	mg						
Anode:	10	mg	
82	mg	
Electrolyte:	62	mg	
Electrodes:	20	mg	
Specific	energy	(Wh/kg)	 48.5	(Wh/kgdry)	 11.8	(Wh/kgwet)	
Specific	capacity	(mAh/g)	 55.6	(mAh/gdry)	 13.6	(mAh/gwet)	
Specific	power	(W/kg)	 437	(W/kgdry)	 107	(W/kgwet)	
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Theoretical capacity. Based on Scheme 1, we can write the half-reactions 
and overall reaction for a cell with pentyl viologen bromide electrolyte: 
 
Cathode half-reaction: 6	𝐵𝑟¶#| +	𝑃𝑉¶#gv ⇌	[𝑃𝑉gv • 2	𝐵𝑟|]? + 4	𝑒| 
Anode half-reaction: 𝑃𝑉¶#gv + 𝐵𝑟¶#| + 𝑒| ⇌	[𝑃𝑉v• • 𝐵𝑟|]? 
Overall: 𝟓	[𝑷𝑽𝑩𝒓𝟐]𝒂𝒒 ⇌	𝟒	[𝑷𝑽v• • 𝑩𝒓|]𝒔 +	 [𝑷𝑽𝟐v • 𝟐	𝑩𝒓𝟑|]𝒔 
 
The overall reaction can be balanced without the use of the NaBr supporting 
electrolyte. This reaction shows that if all of the pentyl viologen in the electrolyte 
is utilized, 80 % will be used for faradaic energy storage and 20 % will be used 
as a complexing agent for Br3-. Based on the calculated mass of PVBr2 in the cell, 
the theoretical faradaic specific capacity is 47 mAh/gdry (after accounting for the 
20 % of PV2+ needed for complexing Br3-). Combined with an additional 9 
mAh/gdry of capacitive charging, the total theoretical specific capacity is 56 
mAh/gdry. The measured capacity of 55.6 mAh/gdry very closely matches the 
theoretical value, however the theoretical capacity may be slightly 
underestimated because additional viologen can be adsorbed to the electrode 
surface during the electrolyte soaking step of cell fabrication. For the theoretical 
capacity calculated here, this adsorption was not accounted for because its effect 
should be minor for solutions with high viologen concentrations.20   
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In addition to reaching high specific capacity and energy, the pentyl viologen 
cells maintain stability with 97 % energy retention over 10,000 cycles when 
tested at 2.5 A/gdry (2.0 kW/kgdry) (Figure 35a). These results indicate that pentyl 
viologen achieves the goal of simultaneously matching the high specific energy 
of methyl viologen redox ECs and the excellent cycling stability of heptyl 
viologen redox ECs. 
The viologen bromide redox EC system is a hybrid between a supercapacitor 
and a battery, but unlike batteries, it is not damaged upon polarity reversal. Due 
to its symmetric nature, fully mixed anolyte/catholyte, and reversible dual solid 
complexation (i.e. the solids formed at each electrode during charging completely 
redissolve on discharge), the cell functions identically when operated 
“backwards” (Figure 35b). The chemistry is therefore tolerant to overdischarge 
or improper assembly and use, which is important when stacking individual cells 
into battery packs.33  
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Figure 35. Stability of 1 M PVBr2/3 M NaBr cells. (a) Cycling stability and 
coulombic efficiency of PV/Br cell cycled at 2.5 A/gdry. Energy retention is 97% 
over 10,000 cycles with 99.9% coulombic efficiency. After 10,000 cycles, the 
cell achieves the same specific energy at 0.5 A/gdry, showing no degradation after 
long-term cycling at higher current. (b) Stable cycling with the leads switched 
every 200 cycles (at 1 A/gdry), repeatedly reversing the polarity. 
 
For additional characterization, equivalent series resistance (RES) was 
measured by both IR drop and electrochemical impedance spectroscopy (EIS) 
methods. The equivalent series resistance (RES) is commonly estimated by two 
different methods: IR drop and electrochemical impedance spectroscopy (EIS).2 
For the IR drop method, the voltage drop is measured when the current switches 
between charging and discharging values (without dwelling at the peak potential) 
and used in the equation RES = ∆V / ∆I where ∆V and ∆I are the changes in 
voltage and current of the IR drop, respectively. For the EIS method, RES is taken 
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as the real part of the complex impedance found by extrapolating the low-
frequency region of a Nyquist plot to Im(Z) = 0. Both of these measurements 
were performed on a 1 M PVBr2/3 M NaBr cell in the fully charged state (100 % 
state of charge (SOC), 1.2 V) and in the fully discharged state (0 % SOC, 0 V). 
The data are shown in Figure 36 and the calculated RES values are summarized in 
Table 7. When the cell is fully charged, the RES calculated by both methods is ca. 
2 times higher than in the fully discharged state. This suggests that the 
precipitated solid complexes formed during charging have low electrical 
conductivity, as they increase the total resistance of the cell by ca. 190 % (IR 
drop method) to 225 % (EIS method). 
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Figure 36. Measuring equivalent series resistance (RES). IR drop for a 1 M 
PVBr2/3 M NaBr cell immediately after (a) discharging and (b) charging at ± 10 
mA, as well as (c) Nyquist impedance spectra from 0.2 MHz to 0.1 Hz for the 
fully discharged (0 % SOC) and fully charged (100 % SOC) conditions. The 
increase in RES in the charged state is evidenced by the larger IR drop, contact 
resistance, and charge transfer resistance. This behavior is related to the 
formation of precipitated solid complexes with low electrical conductivity at both 
electrodes, and consistent with the operating mechanism of the cell.  
 
Table 7. Equivalent series resistance (RES) of a 1 M PVBr2/3 M NaBr cell 
 IR drop method EIS method 
Discharged (0% SOC) 1.85 Ω   (1.45 Ω•cm2) 2.32 Ω   (1.82 Ω•cm2) 
Charged (100% SOC) 3.50 Ω   (2.75 Ω•cm2) 5.18 Ω   (4.07 Ω•cm2) 
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Conclusions 
Challenges to maximize the performance of redox ECs are (1) to suppress the 
diffusion of redox couples in the charged state to prevent side reactions and self-
discharge, and (2) to balance the capacity of the electrodes using a catholyte and 
anolyte that are compatible when intermixed. The strategy outlined in this chapter 
of utilizing dual redox couples, each of which participates in a faradaic reaction 
at one electrode and acts as a complexing agent at the other, solves the main 
problems associated with redox ECs. With reversible solid complexation of 
highly soluble PV/Br redox-active electrolytes, the redox EC device retains 
charged products efficiently, produces a record specific energy with stable 
cycling, and, unlike other batteries and pseudocapacitors, operates 
symmetrically. The cells are easy to assemble in air and use simple inexpensive 
aqueous redox electrolytes, which suggests they may be manufacturable at low 
cost and impact applications where performance in-between batteries and 
traditional supercapacitors is desired. 
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Chapter 4 
 
Bromine storage through solid 
complexation in porous carbon electrodes4 
                                         
The contents of this chapter have substantially appeared in the following 
reference: S. J. Yoo, B. Evanko, X. Wang, M. Romelczyk, A. Taylor, X. Ji, S. 
W. Boettcher, and G. D. Stucky, “Fundamentally Addressing Bromine Storage 
through Reversible Solid-State Confinement in Porous Carbon Electrodes: 
Design of a High-Performance Dual-Redox Electrochemical Capacitor,” J. Am. 
Chem. Soc. 29, 9985, 2017. 
  136 
Introduction 
Electric double-layer capacitors (EDLCs), interchangeably referred to as 
supercapacitors or ultracapacitors, are capable of storing and discharging energy 
quickly due to a physical ion adsorption/desorption mechanism in the Helmholtz 
layer.1,2 Compared to EDLCs using non-aqueous electrolytes, EDLCs with 
nonflammable aqueous electrolytes are in principle safer, and provide higher 
power density due to their having a lower ionic resistance.1,3-5 However, the 
energy density of aqueous EDLCs is limited by the narrow electrochemical 
potential window of water compared to counterparts with organic electrolytes or 
ionic liquids.6-8  The grand challenge for aqueous EDLCs is to increase specific 
energy without compromising specific power and cycling stability. A number of 
hybrid and pseudocapacitive systems have been developed that utilize different 
charge storage mechanisms in addition to, and/or in place of, electric double-
layer capacitance to increase energy density.9-15   
One such approach to enhance the energy density is to replace the inert 
electrolytes of  conventional EDLCs with redox-active electrolytes that enable 
faradaic charge storage.16-23 Compared with the construction of nanostructured 
solid-state redox-active electrode materials, liquid-state redox-active electrolytes 
are easier to prepare and be scaled up, and should be compatible with the carbon 
electrodes that are currently mass-produced for commercial EDLCs.  
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In order to design redox-active electrolyte systems, redox couples should 
exhibit fast and reversible electron transfer and not engage in irreversible side 
reactions and/or degradation over repeated charge/discharge cycles. 
Additionally, the cross-diffusion of soluble redox couples that causes low 
Coulombic efficiency and fast self-discharge must be eliminated. The use of ion-
selective membrane separators to mitigate self-discharge has been reported,24 but 
such membranes are costly, and primarily for that reason are not practical for 
commercial applications. Electrostatic attraction has also been proposed as a 
mechanism to retain redox couples at the surface of oppositely charged 
electrodes, but was shown to have only a minor effect on the suppression of self-
discharge rates.25,26  
Halogens (I– and Br–) are promising aqueous redox-active species as they are 
inexpensive, electrochemically reversible redox couples with high 
solubility.22,25,27-31 In comparison to iodide, bromide has a higher standard 
reduction potential (0.81 V vs SCE; 𝐸Âl	m/ÂmÃ   = 0.3 V) that further increases energy 
density. However, this advantage is offset by the corrosive and volatile nature of 
bromine generated at the positive electrode. Furthermore, soluble Br3– diffuses to 
the negative electrode, which causes low Coulombic efficiency and fast self-
discharge, as well as possible irreversible oxidation or bromination of the anode 
or anolyte.32,33 In aqueous bromine flow batteries, asymmetric quaternary 
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ammonium salts such as methyl ethyl pyrrolidinium bromide (MEPBr; 1-ethyl-
1-methylpyrrolidinium bromide) or methyl ethyl morpholinium bromide 
(MEMBr; 4-ethyl-4-methylmorpholinium bromide) are commonly used to 
complex Br2/Br3– as an oily-liquid phase.34,35 This complexation reduces the 
reactivity and vapor pressure of bromine while maintaining a mobile, liquid state 
for flow-system compatibility. However, this approach does not address the 
cross-diffusion and poor Coulombic efficiency.32 Standard bromine flow 
batteries avoid these limitations by storing the charged liquid complex in a 
separate tank away from the cell stack, but this practice is not feasible for non-
flow systems, such as in redox-enhanced electrochemical capacitors (redox ECs). 
Alternatively, ion-exchange membrane separators can be used, but these 
materials are expensive and require addressing significant sealing challenges to 
be effective in a practical device. In short, a fundamental need is to store Br3– in 
non-flow energy storage systems in a manner that (1) reduces the unwanted 
chemical reactivity and vapor pressure of bromine but at the same time (2) 
suppresses cross-diffusion and self-discharge by (3) a simple and affordable 
mechanism.  
In the present work, we introduce for the first time tetrabutylammonium-
induced, reversible solid complexation of the Br–/Br3– redox couple in aqueous 
redox ECs. Systematic studies show that this solid complex is retained in the 
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pores of the high-surface-area carbon electrodes upon charging, dramatically 
improving cycling stability and self-discharge relative to traditional oily-liquid-
phase bromine complex. Furthermore, we reveal the underlying cause of the 
irreversible capacity loss that occurs when the uncomplexed Br–/Br3– redox 
couple is used in aqueous redox ECs with activated carbon electrodes.  
Building upon these findings, we design a high-performance and stable 
aqueous redox EC. High-energy redox ECs must concurrently utilize a catholyte 
and an anolyte (dual-redox enhanced electrochemical capacitors; dual-redox 
ECs) to maximize faradaic energy storage.19,23,25,26,36 In aqueous systems, these 
redox couples should have a standard redox potential close to the oxygen 
evolution potential (for the catholyte) and near the hydrogen evolution potential 
(for the anolyte), respectively, to widen the operating voltage of the device, as 
well as good solution compatibility when intermixed.26  To demonstrate the utility 
of bromide catholyte and our complexation strategy in such a system, we use a 
highly soluble ethyl viologen (EV) as an anolyte and investigate the compatibility 
and comparative Br3– complexing capacity. With the use of readily available 
tetrabutylammonium bromide as an additive, a dual-redox EC that utilizes 
bromide and ethyl viologen (EV) produces a specific energy of ~64 W·h/kg 
(normalized to the dry mass of both positive and negative electrode, and 
maintains stability over 7000 cycles.    
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Materials and Methods 
Chemicals. All reagents and starting materials were obtained commercially 
and used as received without any further purification.  
Sodium bromide (NaBr), sodium sulfate (Na2SO4), tetrabutylammonium 
bromide (TBABr), 1-ethyl-1-methylpyrrolidinium bromide (methyl ethyl 
pyrrolidinium bromide; MEPBr), and ethyl viologen dibromide (EVBr2) were 
purchased from Sigma-Aldrich. Hydrobromic acid (HBr) was purchased from 
Acros Organics, tetrabutylammonium tribromide was purchased from Alfa 
Aesar, sodium bromate (NaBrO3) was purchased from J. T. Baker Chemical Co., 
sodium hydroxide (NaOH) was purchased from Fisher Chemical, and potassium 
bromide (KBr) was purchased from EMD Chemicals Inc. Water was from a 
Milli-Q SimplicityTM 185 system with resistivity ≥ 18.2 MΩ·cm (if not specified, 
all solutions in the SI and text refer to aqueous solutions). 
Carbon electrodes. Activated carbon was prepared by CO2 activation of 
high-purity carbon fibers (Donacarbo S-241, Osaka Gas Co., ~13 µm OD x 130 
µm long) in a tube furnace at 890 ºC under flowing CO2 (100 SCCM) for 22.5 h. 
Detailed characterization data, including specific surface area, elemental 
composition and pore size distribution are reported in Chapter 2.26  
For the preparation of electrodes, activated carbon, polytetrafluoroethylene 
(PTFE) binder (60 weight % aqueous dispersion from Sigma-Aldrich), and 
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acetylene black conductive additive (Vulcan® XC72R) were mechanically mixed 
with a 90:5:5 mass ratio with isopropanol, and the resulting slurry was rolled into 
a single freestanding film with a PTFE rolling pin. This film was dried overnight 
at 160 ºC in air, ground into a powder through a mesh sieve, and further dried 
under high vacuum at room temperature for two days. Freestanding electrode 
pellets were pressed from the powder in a 1-cm-diameter die (MTI Corporation) 
on a Carver hydraulic press under an applied uniaxial force of 2 tons, applied 3 
times. Electrodes were 1 cm in diameter and 300 ± 5 µm thick, for a total volume 
of 0.024 cm3, and density of 0.42 g/cm3.  
 
Electrolytes. The electrolytes were prepared by dissolving EVBr2 and/or 
bromide salts in 18.2 MΩ water. 
 
Tribromide (Br3–) solution. Bromine and Br3– were generated using the 
following chemical reactions:36  
 
NaBrO3 + 5 Br– + 6 H+ → 3 Br2(aq) + 3 H2O 
Br2(aq) + Br– ⇌ Br3–    (Keq = 16.1 M-1) 
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Cell design and assembly. The construction of the redox-enhanced 
electrochemical capacitor (redox EC) cell including cell housing, current 
collectors, and the cell stack with two electrodes and a separator is described in 
detail in Chapters 2 and 3.36 Briefly, a two-electrode cell was built from a 
perfluoroalkoxy (PFA) Swagelok fitting with glassy-carbon-capped current 
collectors. For the preparation of each cell stack, two electrodes were soaked in 
1.5 mL of test electrolyte, and vacuum and N2 (150 psi) were alternately applied 
to infiltrate the hydrophobic carbon electrodes with test aqueous electrolyte. 
Electrodes were then placed on either side of an electrolyte-wetted, 12-mm-
diameter filter paper separator (WhatmanTM #1). Thereafter, the cell stack was 
pressed between the two glassy-carbon-capped current collectors inside the cell 
body. For the three-electrode configuration tests, a T-shaped Swagelok PFA 
union was used with an Ag/AgCl reference electrode (Fisher 
ScientificTMaccumetTM) placed with the tip at the edge of the separator with ~0.5 
mL of excess test electrolyte added to submerge the reference electrode frit. 
 
Electrochemical studies  
All electrochemical experiments (cyclic voltammetry, controlled potential 
electrolysis, and galvanostatic charge/discharge cycling tests) were performed on 
a Bio-logic VMP3 potentiostat/galvanostat. 
  143 
Analytical voltammetry. The cyclic voltammetry experiments were carried 
out in a conventional three-electrode cell with either a glassy carbon (CH 
Instruments, 3-mm-diameter) or activated carbon pellet (identical to carbon 
electrode used in cells; pasted on a carbon cloth with conducting grease) working 
electrode, a Pt wire counter electrode, and an Ag/AgCl reference electrode (CH 
Instruments). The glassy carbon electrode was polished using polishing alumina 
(0.05 μm), and the Pt wire electrode was rinsed first with acetone followed by 
water and methanol, and then dried before each experiment. Test solutions were 
purged with N2 for 10 mins prior to each measurement.  
 
Controlled potential electrolysis. Electrolysis experiments were performed 
in an open beaker-type cell with 6 mL of test electrolyte, i.e., 1 M KBr/0.2 M 
TBABr solution. Either carbon cloth, graphite rod or an activated carbon pellet 
(identical to carbon electrode used in cells; pasted on a carbon cloth with 
conducting grease) served as working electrodes and a platinum wire served as 
the counter electrode. An Ag/AgCl electrode was used as the reference electrode. 
 
Electrochemical characterization of redox ECs. All galvanostatic 
charge/discharge (GCD) cycling tests were performed at a temperature of 25 ± 1 
ºC, or in a temperature chamber for temperature-dependent studies. The applied 
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current for GCD cycling tests was normalized to the combined dry mass 
(activated carbon, carbon black, and PTFE binder) of both positive and negative 
electrodes. Potential limits were applied with the voltage range from 0 V (for 
discharging) to various Vmax values (for charging). Energy and power reported in 
the text indicate discharge energy (Edis) and average discharge power (Pdis), which 
are normalized to the dry mass of both positive and negative electrodes to get 
specific energy (W·h/kg) and specific power (W/kg), respectively. The following 
equations are used for calculating device performance (I = applied current, t = 
time, and V = voltage): 
 
Charge capacity, Qch (mAh)  𝑄`­ = 𝐼`­ ∙ 𝑡`­   (4.1) 
Discharge capacity, Qdis (mAh) 𝑄234 = 𝐼234 ∙ 𝑡234   (4.2) 
Coulombic efficiency, ηC   𝜂¯ = 𝑄234/𝑄`­   (4.3) 
Charge energy, Ech (Wh)  𝐸`­ = 	 𝐼`­ ∙ 𝑉 𝑡 	𝑑𝑡:X±;   (4.4) 
Discharge energy, Edis (Wh)  𝐸234 = 	 𝐼234 ∙ 𝑉 𝑡 	𝑑𝑡:KIQ;  (4.5)  
Energy efficiency, ηE    𝜂A = 𝐸234/𝐸`­   (4.6)  
Average power, Pdis (W)  𝑃234 = 𝐸234/𝑡234   (4.7) 
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The self-discharge rate was quantified based on the remaining discharge 
energy as a function of open-circuit time, δ. An open-circuit energy efficiency, 
ηR, is defined as the ratio of the energy retained after time δ at open circuit to the 
initial discharge energy and calculated by the following formula: 
Open-circuit energy efficiency, ηR       𝜂³ 𝛿 = 𝐸234(𝛿)/𝐸234(0) (4.9) 
 
Normalized performance metrics  
When the performance of devices including redox ECs is reported, 
normalizing to the dry mass of both positive and negative electrodes is the 
common practice in the literature. Therefore, we evaluated cell performance 
normalized by dry mass in the text so that direct comparisons can be made. 
However, we note that the redox couples in the electrolyte significantly 
contribute to the capacity through faradaic energy storage for the redox ECs. To 
clarify and address this discrepancy of the performance normalization, we also 
normalize energy, power, and capacity to both masses, i.e., performance metrics 
based on “wet” cell mass (electrodes plus electrolyte) and “dry” cell mass 
(electrodes only). 
 
Performance normalization. Electrodes and electrolyte from a 1.2 M 
EVBr2/0.12 M TBABr/2.88 M NaBr two-electrode cell massed before and after 
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cycling weighed 90 mg. The cell performance was then normalized to the total 
masses of electrodes only (indicated as g), and electrodes plus electrolyte 
(indicated as gwet).  
 
Other characterization methods  
The UV-vis spectra were acquired on an Agilent 8453 UV-vis 
spectrophotometer equipped with a cuvette holder. All spectra were recorded 
under ambient conditions with a 1 cm light-path. Contact angle measurements 
were taken on a DataPhysics OCA 15Pro system using an automatic elliptical 
fitting program, and the images were recorded with a charge-coupled device 
(CCD) camera horizontal to the drop to allow measurements of the test 
electrolytes’ contact angles on the sample surface. Raman spectroscopy was 
performed on a Horiba JY Aramis Raman microscope equipped with a CCD 
detector thermoelectrically cooled to -70 °C. Raman spectra were recorded with 
the incident laser of 0.86 mW, 600-μm hole, 400-μm slit width and a 600 
lines/mm grating. The structure/morphology changes of carbon materials were 
observed through electron microscopes of a FEI Titan operating at 300 kV in 
scanning TEM mode, a FEI Quanta 600 SEM, and a FEI TECNAITM T20 high-
resolution transmission electron microscope (TEM) operating at 200 kV. The 
elemental compositions of positive electrodes and carbon pellets were analyzed 
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by energy-dispersive X-ray spectroscopy (EDX) at an accelerating voltage of 
24.4 kV.  
 
Contact-angle measurements. Aqueous solutions of 1 M KBr, 1 M MEPBr, 
and 1 M TBABr were prepared, and an activated carbon pellet (identical to 
carbon electrode used in cells) was used as a test surface. A 2-μL liquid droplet 
of test electrolyte was gently placed on the surface with a syringe, and the needle 
was withdrawn immediately to minimize any inconsistency that might be caused 
by solution evaporation prior to image capture. The contact angle was determined 
by using an automatic elliptical fitting program. 
 
Controlled potential electrolysis, scanning transmission electron 
microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDX). To 
demonstrate the electrochemical generation of the [TBA+ · Br3–] solid complex, 
anodic oxidation of bromide was carried out with a carbon cloth as working 
electrode. To an open beaker-type cell was added 6 mL of 1 M KBr/0.2 M TBABr 
solution, and controlled potential electrolysis at 1.2 V (vs Ag/AgCl reference 
electrode; a Pt wire counter electrode) was performed until yellow solids were 
clearly visible on the working electrode. Following electrolysis, the working 
electrode was photographed.  
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To investigate solid-state confinement of electrochemically generated [TBA+ 
· Br3–] solid complex in the pores of the high-surface-area carbon electrode, 
analysis of carbon surface/pores was conducted using STEM following 
electrolysis. For the electrolysis, a high-surface-area activated carbon pellet was 
pasted and pressed on a carbon cloth with conducting grease. The remaining area 
of the carbon cloth was masked with electrochemical tape to block its exposure 
to the electrolyte. As a control, an identical activated carbon pellet was separately 
prepared. Both pellets were immersed in the 1 M KBr/0.2 M TBABr solution, 
and vacuum/N2 (150 psi) were alternately applied to infiltrate the hydrophobic 
carbons with this aqueous electrolyte. Electrolysis was performed with the first 
pellet (electrolyzed C pellet) as the working electrode in an open beaker-type cell 
with 1 M KBr/0.2 M TBABr solution at a set potential of 0.6 V (vs Ag/AgCl 
reference electrode; a Pt wire counter electrode). The potential increased 
incrementally to 1.2 V before the electrolysis was terminated after a charge of 
10.4 C was passed. For the full duration of electrolysis, the control pellet (control 
C pellet) was immersed in a separate 1 M KBr/0.2 M TBABr solution.  
Both carbon pellets were removed from the solutions and each surface was 
washed with water, soaked in 10 mL of water for 7 h, and dried in air at room 
temperature for 24 h. Samples for STEM analysis were prepared by sonicating 
(10 mins) small pieces of each pellet in isopropanol and drop-casting the 
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dispersion onto lacey-carbon TEM grids. The samples were imaged by STEM 
with the signal being acquired using a high-angle annular dark-field detector 
(HAADF-STEM). In addition, elemental analysis by EDX of the electrolyzed C 
pellet and control C pellet were performed. 
 
UV-vis measurements for testing complexation of ethyl viologen dication 
(EV2+) and Br3–. To generate spectra of uncomplexed EV2+, 20 mM EVBr2 
solution was prepared in a 1.5 mL centrifuge tube, and the solution was agitated 
with a vortex mixer for 1 min followed by centrifugation for 5 min at 4,000 rpm 
(Eppendorf® MiniSpin Plus Centrifuge). Then, a 5 µL sample of the 20 mM 
EVBr2 solution was diluted 400 times into 1.995 mL of water in a quartz cuvette. 
The capped cuvette was shaken to ensure a homogeneous analyte before UV-vis 
measurements.  
In order to generate spectra of the EV2+ after complexation with Br3–, 500 µL 
of 60 mM EVBr2 solution was combined with equal volumes of 120 mM Br3– 
solution and water. Then, EV remaining dissolved in the supernatant after the 
addition of Br3– was processed with the same methods stated above before UV-
vis measurements. Optical absorption data for both uncomplexed and complexed 
EV2+ samples were normalized to the absorbance at the absorption maxima (λmax 
= 260 nm) for the uncomplexed EV2+ sample.   
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UV-vis measurements for testing complexation of EV2+ and Br3– in the 
presence of methyl ethyl pyrrolidinium bromide (MEPBr) and 
tetrabutylammonium bromide (TBABr). To generate spectra of the EV2+ in 
the presence of Br3– and MEPBr or TBABr, respectively, to test competitive Br3– 
complexation between EV2+ and these quaternary ammonium cations, 500 µL of 
60 mM EVBr2 solution was combined with equal volumes of 120 mM Br3– 
solution and 120 mM quaternary ammonium bromide solution in a 1.5 mL 
centrifuge tube. Then, EV remaining dissolved in the supernatant was processed 
with the same methods stated above before UV-vis measurements. Each 
spectrum was normalized by the absorption maxima measured for uncomplexed 
EV2+ samples (in a solution containing the corresponding concentrations of 
MEPBr and TBABr, respectively, but without Br3–).  
 
Control/comparison devices. An aqueous EDLC cell (1 M Na2SO4 
electrolyte) and commercial nonaqueous device (BCAP0001 P270 T01, Maxwell 
Technologies) were tested to provide reference performance data in comparison 
to the EV/TBA/Br dual-redox EC. The 1 M Na2SO4 cell was assembled with the 
same cell housing, current collectors, electrodes, and separator as the EV/TBA/Br 
cell. The commercial cell was tested with a specified 2.7 V of working potential 
range. To report specific energy and specific power of the Maxwell cell 
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normalized to the dry mass of both positive and negative electrodes, the device 
was disassembled after GCD cycling tests. The extracted cell stack was placed in 
20 mL aqueous NaOH solution to dissolve the aluminum foil current collector 
and isolate the electrodes. Thereafter, the electrodes were soaked in ~20 mL of 
doubly distilled water and dried in an oven at 160 °C until the mass remained 
constant.  
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Results and Discussion 
Properties of Br3– complexing agents 
In order to support the efficient use of the Br–/Br3– redox couple for aqueous 
redox ECs, we selected and compared two differently-structured quaternary 
ammonium salts as complexing agents for Br3– (complexing agent refers to Br3– 
complexing agent throughout). Asymmetric cyclic methyl ethyl pyrrolidinium 
bromide (MEPBr), a commonly used complexing agent for aqueous bromine 
flow batteries, forms a separate oily-phase with Br3– while the symmetric and 
more hydrophobic tetrabutylammonium bromide (n-Bu4NBr; TBABr) is known 
to form a solid complex.34,37 We studied how each complexing agent affects the 
overall performance of the redox ECs relative to a control system without either 
additive.   
Three asymmetric EC cells were constructed, all utilizing the Br–/Br3– redox 
couple at the positive electrode, with (1) no complexing agent (1.2 M KBr 
electrolyte), (2) methyl ethyl pyrrolidinium bromide (MEPBr; 1 M KBr + 0.2 M 
MEPBr), and (3) tetrabutylammonium bromide (TBABr; 1 M KBr + 0.2 M 
TBABr), respectively. The negative counter electrode was purely capacitive and 
oversized to increase capacity so that the positive electrode could reach the Br– 
oxidation potential with a total applied cell voltage of 1 V.  
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The influence of each complexing agent on the electrochemical behavior of 
the bromide catholyte in redox ECs was determined by galvanostatic 
charge/discharge (GCD) cycling tests of each asymmetric cell in a three-electrode 
configuration (Figure 37).  
 
Figure 37. Galvanostatic charge/discharge potential profiles with different 
bromine complexing agents. The full asymmetric cells (blue curves) can be 
divided into contributions from the positive electrode (orange curves) and the 
negative electrode (purple curves), referenced to the centrally placed Ag/AgCl 
reference electrode. The cells were charged/discharged at a rate of 2 A/g (based 
on the mass of positive electrode only) to 1 V, with a 4:1 negative to positive 
electrode mass ratio; the aqueous electrolytes were (a) 1.2 M KBr, (b) 1 M KBr 
+ 0.2 M MEPBr, and (c) 1 M KBr + 0.2 M TBABr.   
 
 All cells show electrochemical behavior that transitions from capacitive to 
faradaic energy storage at the positive electrode (orange curve), indicating 
oxidation of Br– to Br3–, and only a capacitive (linear potential vs time/charge) 
response at the negative electrode (purple curve) during charging. Notably, there 
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are differences when TBABr is present as a complexing agent as compared to the 
KBr and KBr/MEPBr cells. For example, a greater potential of zero charge (PZC) 
was observed for the KBr/TBABr cell (0.26 V) compared to the KBr (0.09 V) 
and KBr/MEPBr (0.13 V) cells. The more positive PZC with KBr/TBABr 
electrolyte allows bromide oxidation to occur earlier in the charging stage and 
increases the ∆V for the capacitive negative electrode, which translates to greater 
faradaic charge storage at the positive electrode before the arbitrary cell cutoff 
potential of 1 V is reached (Figure 37; orange curves). Considering the 
amphiphilic nature of the tetrabutylammonium cation (TBA+),38,39 we reasoned 
that TBABr acts as a surfactant and TBA+ adsorbs at the porous carbon 
electrodes. To verify this hypothesis, contact-angle measurements were 
conducted. The contact angle for the carbon electrode with a droplet of aqueous 
TBABr solution is ~24° smaller compared to a droplet of aqueous KBr solution 
(138°; Figure 38). This surfactant behavior may increase wettability of 
hydrophobic electrodes, and thus facilitate infiltration of hydrophilic bromide 
catholyte into the porous carbon electrode.39  
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Figure 38. Contact angle of test electrolyte on the surface of a porous 
activated carbon pellet. (left) aqueous KBr solution droplet; (middle) aqueous 
MEPBr solution droplet; (right) aqueous TBABr solution droplet.  
 
We also observed that the onset point of the faradaic plateau at the positive 
electrode is a function of the complexing agent used. The horizontal grey dashed 
line drawn at 0.7 V in Figure 37 reflects the largest negative shift in the Br–/Br3– 
redox potential for the KBr/TBABr cell. Additional cyclic voltammetry shows a 
redox potential that is consistent with the above GCD potential profile result, as 
well as a reversible redox reaction in the presence of TBABr (Figure 39). 
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Figure 39. Cyclic voltammogram of 1 M KBr/0.2 M TBABr. An activated 
carbon pellet pasted on carbon cloth served as working electrode and a Pt wire as 
counter electrode. As reference, an Ag/AgCl electrode was used. The scan rate 
was 10 mV/s. 
  
The observed electrochemical behavior can be explained by the reversible 
formation of [TBA+ · Br3–] solid complex that decreases the Br3– concentration at 
the interface between the electrolyte and the high-surface-area electrode. Both 
chemical (Figure 40a) and electrochemical (Figure 40b) methods confirm the 
generation of a [TBA+ · Br3–] solid complex. The image (Figure 40a; right vial) 
visually shows that after complexation induced by TBA+, Br3– is almost entirely 
removed from the solution. Notably, the solutions with MEPBr (middle vial) and 
KBr (left vial) retain a yellow tint, demonstrating that a significant concentration 
of Br3– remains dissolved due to insufficient complexation by MEP+ (and K+, 
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respectively). Figure 40b shows electrochemical generation of a solid complex 
on the surface of a carbon cloth by passing anodic current in a KBr/TBABr 
electrolyte. The Raman spectrum taken of this solid exhibits an intense band at 
169 cm-1, which corresponds to symmetric stretching vibration of Br3–,40,41 and its 
spectrum is identical to the Raman spectrum of commercial [TBA+ · Br3–] solid 
complex (Figure 40c). Further characterization of the electrochemically 
generated [TBA+ · Br3–] solid complex in an aqueous system is well-documented 
elsewhere.37  
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Figure 40. Complexation of tribromide with different quaternary 
ammonium species. (a) Complexation of chemically generated Br3– by the 
addition of potassium bromide (left), MEPBr (middle), and TBABr (right). (b) 
Electrochemically generated [TBA+ · Br3–] solid complex by controlled potential 
electrolysis. (c) Raman spectra of the electrochemically generated [TBA+ · Br3–] 
solid complex (blue curve) and commercial [TBA+ · Br3–] solid complex (orange 
curve). 
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Strong adsorption of the charged products within the electrodes has been 
found to be an effective mechanism to prevent cross-diffusion in a full redox EC 
cell.26 We hypothesize that our complexation strategy may suppress cross-
diffusion and redox shuttling even more effectively if the [TBA+ · Br3–] solid 
complex is retained in the pores of the high-surface-area carbon electrodes, 
instead of being formed and precipitating to the bulk solution upon charging. In 
order to investigate this hypothesis, controlled potential electrolysis with 1 M 
KBr/0.2 M TBABr solution was performed with an activated porous carbon pellet 
as the working electrode (denoted as electrolyzed C pellet) to provide a relevant, 
yet extreme charged state. As a control, an identical activated carbon pellet 
(denoted as the control C pellet) was separately prepared and infiltrated with 
same electrolyte solution through repeated vacuum/N2 steps. No electrolysis was 
performed with this control carbon and hence no [TBA+ · Br3–] solid complex 
should be present in the sample. 
Both carbon surfaces were analyzed by scanning TEM (STEM) with the 
signal being acquired using a high-angle annular dark-field detector (HAADF-
STEM). In this imaging mode, the signal contrast scales linearly with sample 
thickness, and as the square of average atomic number (Z) of atoms in the 
sample.42,43 Therefore, for our sample analysis, the higher average atomic number 
of the bromine-containing [TBA+ · Br3–] solid complex compared to that for 
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porous carbon may ensure that such complexes confined in the pores appear as 
bright regions in the image (Z-contrast imaging). Figure 41a shows a scanning 
TEM (STEM) image of the electrolyzed C pellet. The material displays clear 
contrast with nm-scale bright clusters that were hypothesized to contain the 
element Br. Subsequent elemental analysis by energy-dispersive X-ray 
spectroscopy (EDX) confirms the presence of Br in the carbon sample (Table 8). 
In contrast, the STEM image from the control C pellet displayed no high-contrast 
spots (Figure 41b), showing that infiltrated Br– from KBr/TBABr solution is 
effectively removed during washing steps. Consistent with the STEM image, 
elemental analysis by EDX of the control carbon did not detect a Br signal (Table 
8). This control experiment strongly supports the hypothesis that the bright 
regions observed by STEM of the electrolyzed C pellet (Figure 41a) originate 
from the high-Z insoluble bromide-containing [TBA+ · Br3–] complex that persists 
after washing, and not by Br– from the solution which is easily removed. In sum, 
these data show that the [TBA+ · Br3–] solid complex generated in-situ during 
electrolysis is contained in the pores of the high-surface-area carbon. This 
complexation approach combined with porous carbon electrodes being used for 
EDLCs may lead to enhanced stability and slower self-discharge of the bromide-
based redox ECs, without using ion-exchange membranes. We note that if a non-
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porous electrode is used, precipitation of the [TBA+ · Br3–] solid complex away 
from the electrode can occur, which would cause irreversible capacity loss. 
 
Figure 41. Imaging the [TBA+ · Br3–] solid complex in activated carbon pores. 
Scanning transmission electron microscopy images of (a) electrolyzed C pellet, 
and (b) the control C pellet, collected by a high-angle annular dark-field 
(HAADF) detector.  
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Table 8. Elemental analysis by EDX of electrolyzed and control C pellets  
Sample C  Br  
Electrolyzed C pellet 28 72 
Control C pellet 100 0 
(relative atomic ratio of C to Br present in the sample; calculation based on the atom %) 
 
In order to test stability and self-discharge rates, asymmetric cells were 
constructed in the two-electrode cell configuration with a paper separator 
(WhatmanTM #1). In cycling stability tests, the KBr cell lost ~20% of its specific 
energy over 500 cycles. In contrast, the KBr/TBABr and KBr/MEPBr cells show 
no fading over the course of 500 cycles, and produce ~80% and ~40% higher 
energy density compared to the KBr cell, respectively (Figure 42a). Significant 
differences between the cells are further evident from self-discharge tests. The 
self-discharge rate determined by the open circuit energy efficiency, ηR, of the 
KBr/TBABr cell was substantially lower than that for KBr and KBr/MEPBr cells, 
retaining 50% of its energy after 10 h at open circuit, ηR(10 h) = 50%, compared 
to ηR(10 h) of only 1% and 14% for the KBr and KBr/MEPBr cells, respectively 
(Figure 42b). Importantly, when the KBr cell was charged to 1.2 V to attain a 
higher capacity, which is closer to that of the KBr/TBABr cell, an even faster 
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self-discharge rate was observed (Figure 42b, solid blue vs dashed blue). This 
result implies that the self-discharge problem with uncomplexed Br–/Br3– redox 
couple is worsened at higher states of charge, limiting its application in high-
performance redox EC devices. The problems with cycling stability and self-
discharge are much aggravated at 40 °C for the KBr and KBr/MEPBr cells 
relative to the KBr/TBABr cell, suggesting that the increased diffusivity of 
soluble Br3– at high temperatures accelerates the redox shuttle self-discharge 
mechanism (Figure 42c and d; results for self-discharge tests from 0 °C to 40 °C 
are summarized in Table 9).   
 
Table 9. Open-circuit energy efficiency (ηR) for asymmetric cells 
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Figure 42. Stability and Self Discharge of two-electrode asymmetric cells 
with bromide catholyte. Cells were constructed with aqueous electrolytes of 1.2 
M KBr (blue curve), 1 M KBr/0.2 M MEPBr (black curve), and 1 M KBr/0.2 M 
TBABr (orange curve), respectively. The cells were charged/discharged at a rate 
of 2 A/g (based on the mass of positive electrode only) to 1 V, with a 4:1 negative 
to positive electrode mass ratio. (a) Cycling stability of each cell tested at 25 °C; 
the inset shows two-electrode potential profiles vs capacity. (b) Open circuit (OC) 
energy efficiency (ηR) for each cell at 25 °C. Each data point was collected by 
charging the cell, allowing it to sit at open circuit for 2, 6, or 10 h, then 
discharging the cell completely. For the KBr electrolyte, self-discharge was 
tested for both a 1 V charge (solid blue) and a 1.2 V charge (dashed blue). (c) 
Cycling stability of each cell tested at 40 °C. (d) ηR at a given time for each cell 
at 40 °C.   
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These studies demonstrate that charge retention of bromide catholyte, and the 
stability and self-discharge performances, depend on whether Br3– is 
uncomplexed, complexed with MEP+ (liquid state), or complexed with TBA+ 
(solid state). Our results suggest that [TBA+ · Br3–] solid complex generated 
within the electrode pores suppresses cross-diffusion of oxidized bromide and 
lowers the self-discharge rate. Meanwhile MEPBr, a common complexing agent 
for bromine flow batteries, barely shows improvement over a cell without a 
complexing agent. The molecular structure of MEP+, which lacks hydrophobic 
substituents, appears to provide insufficient complexation/precipitation with Br3–
,37 leaving high concentrations of free Br3– in the electrolyte solution.  
The question as to whether the decrease in specific energy observed for KBr 
and KBr/MEPBr cells is temporary due to reversible shuttling/diffusion effects 
or irreversible fading from chemical reactions was addressed by disassembling 
tested cells and assessing changes to the structure/morphology of the filter paper 
separator and carbon-electrode cell components. The separator from the 
KBr/TBABr cell appeared identical to the pristine paper separator before cycling, 
while the separators from the other cells are covered with a black solid (Figure 
43). Raman spectra collected of the separator from the KBr/TBABr cell shows 
no clear peaks, and are identical to the Raman spectrum obtained from a pristine 
separator (Figure 44a). However, Raman spectra of the separators from the KBr 
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and KBr/MEPBr cells show peaks at approximately 1340 cm-1 and 1610 cm-1 
which can be assigned to the D band and G band, respectively, of activated 
carbon.44 The same peaks are observed for the non-cycled carbon electrode, 
indicating that the black solid observed in the separator was shed from the 
electrode. A control experiment where a pristine separator is soaked in Br2/Br3– 
solution (that mimics the charged state of the cell) demonstrated no color change 
of the separator in the absence of the carbon electrode.  
 
 
Figure 43. Paper separators after GCD cycling. (left) separator from 
asymmetric KBr/TBABr cell; (middle) separator from asymmetric KBr/MEPBr 
cell; (right) separator from asymmetric KBr cell.   
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Figure 44. Analysis of paper separators after GCD cycling. (a) Raman spectra 
of the separators after cycling. Raman peaks for the non-cycled carbon electrode 
(green curve) are added to the plot for the comparison. (b to e) SEM images of 
positive electrodes. (b) Electrode before cycling. (c) Electrode from a KBr cell 
after cycling. (d) Electrode from a KBr/TBABr cell after cycling. (e) Electrode 
from a KBr/MEPBr cell after cycling. 
 
 Electron microscopy showed that the electrode exhibited little morphology 
change when cycled in a KBr/TBABr cell (Figure 44d). In contrast, we observe 
cracks and partial pulverization of carbon particulates on the electrode surface 
after cycling in KBr (Figure 44c) and KBr/MEPBr electrolytes (Figure 44e), 
providing evidence of carbon electrode degradation and its subsequent deposition 
onto the separator. Elemental analysis by EDX of the positive electrodes from 
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the KBr and KBr/MEPBr cells after cycling further confirm decreased carbon 
content (relative to F in the inert PTFE binder) compared to the electrode before 
cycling (Table 10). 
 
Table 10. Elemental analysis by EDX of positive electrodes after cycling  
 
(relative atomic ratio of C to F; calculation based on atom %) 
 
Based on the experimental results, we propose that electrochemical 
intercalation induced by reactive bromine/polybromide causes permanent 
electrode degradation with time and thus irreversible fading of the KBr and 
KBr/MEPBr cells.45,46 When TBA+ is present, the concentration of non-
complexed Br2/Br3– is significantly reduced, thereby slowing irreversible side 
reactions and largely preventing electrode degradation upon repeated 
charge/discharge cycles. This TBA+-induced solid complexation suppresses the 
permanent capacity loss mechanism. Overall, these results show an efficient way 
to utilize the bromide catholyte with readily available TBABr, the simple addition 
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of which simultaneously addresses the capacity loss as well as self-discharge 
problems for static bromide-enhanced redox ECs. 
 
Designing a high-performance viologen/Br dual-redox EC with the 
addition of tetrabutylammonium complexing agent 
For maximum faradaic energy storage, redox ECs should utilize redox-active 
electrolytes at both the positive electrode (catholyte) and negative electrode 
(anolyte) concurrently (dual-redox enhanced electrochemical capacitors; dual-
redox ECs). We chose viologen (V) as a model anolyte to match the redox activity 
of the bromide catholyte and test the utility of tetrabutylammonium complexing 
agent in a full cell. While many families of redox-active anolytes should be 
compatible with the TBABr/Br– catholyte, viologens have the advantage of an 
electrochemically reversible V2+/V•+ redox couple.36,47-49  In addition, V/Br cells 
typically have potential plateaus around 1.2 – 1.3 V, which coincides ideally with 
the thermodynamic stability window of water.  
For the V/Br systems, (1) cycling stability largely depends on effective 
bromine storage in the positive electrode,36 (2) only viologens with hydrophobic 
substituents, e.g., pentyl (PV)36 or heptyl viologen (HV),26 can function as an 
efficient Br3– complexing agent, limiting the capacity for faradaic energy storage 
due to their low solubility (e.g., < 0.2 M for HV), and thus (3) it is desirable to 
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enhance energy density by using highly soluble viologens to increase the 
available concentration of anolyte while finding other means to complex Br3– and 
maintain cycling stability. We envisioned that addition of TBABr to V/Br 
electrolytes should (1) suppress the fading mechanism at the positive electrode 
and (2) enable the use of more-soluble, short-alkyl-chain viologens at the 
negative electrode, in order to (3) maintain cycling stability while producing high 
energy density in a single device. To verify our hypothesis, readily available ethyl 
viologen (1,1ʹ-diethyl-4,4ʹ-bipyridinium dibromide; EV) was selected as an 
anolyte due to its high solubility (> 2 M) and the stability of EV2+/EV•+ redox 
couple with a highly cathodic redox potential (E1/2 = -0.64 V vs Ag/AgCl) in 
aqueous electrolytes.50 Additionally, EVBr2 shows good solution compatibility 
with a bromide catholyte (e.g., NaBr) in an analytical voltammetry cell (Figure 
45). 
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Figure 45. Cyclic voltammograms of EVBr2 electrolytes. (a) 0.1 M EVBr2 
scanned from 0 V to -0.95 V and (b) 0.1 M EVBr2/0.1 M NaBr scanned from 0 
V to -0.95 V (purple curve) and 0 V to +1.1 V (orange curve), separately. Scan 
rate: 20 mV/s; Glassy carbon served as the working electrode and a Pt wire served 
as the counter electrode. As reference, an Ag/AgCl electrode was used.  
   
First, a control cell with a readily soluble 1.2 M EVBr2/3 M NaBr electrolyte, 
without additional complexing agent, was assembled and tested. Three-electrode 
GCD profiles show dual faradaic responses at both positive and negative 
electrodes, corresponding to Br– oxidation to Br3– and EV2+ reduction to EV•+, 
respectively, upon charging (Figure 46a). This cell produced a specific energy of 
~68 W·h/kg at 1 A/g, but the cell capacity faded and only retained 82% of the 
initial energy over 1000 cycles (Figure 46b). This poor cycle life confirms that 
short-alkyl-chain viologens do not effectively retain reactive Br2/Br3–, which 
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decreases cell stability. To improve the cycle life of EV/Br redox ECs, electrolyte 
design must utilize a Br3– complexing agent that has stronger Br3– complexing 
capacity than EV.  
 
Figure 46. 1.2 M EVBr2/3 M NaBr cells. (a) Three-electrode GCD potential 
profiles for the positive electrode (orange curve), negative electrode (purple 
curve), and total cell (blue curve) cycled to 1.35 V at 1 A/g. During charging, the 
electrochemical behavior transitions from capacitive to faradaic at both 
electrodes. (b) Specific energy, cycling stability and Coulombic efficiency of an 
EV/Br two-electrode cell cycled to 1.35 V at 1 A/g. 
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The degree of (solid) complexation of TBABr with Br3–, relative to EV, was 
tested by determining how much EV precipitates from an aqueous Br3– solution 
with and without this complexing agent additive. The amount of precipitated EV 
was indirectly quantified by measuring the concentration of the remaining 
viologen in solution with ultraviolet-visible spectroscopy (UV-vis).  
Figure 47 shows that the addition of stoichiometric quantities of Br3– 
decreased the concentration of EV dissolved in the solution by ca. 83% due to 
precipitation of the nominally [EV2+·2Br3–] solid complex (EV2+; blue open-
square curve vs EV2+/Br3–; blue open-circle curve), which still leaves substantial 
free, non-complexed Br3– present in the solution, causing the poor cycling life of 
the EV/Br cell. Importantly, when TBABr was added together with Br3– and EV, 
EV remained completely dissolved (EV2+; blue open-square curve vs EV2+/Br3–
/TBA+; orange solid curve). These UV-vis results confirm that TBABr has a 
greater Br3– complexing capacity than EV2+ and that [TBA+·Br3–] solid complex 
is preferentially formed. Notably, MEPBr, a common Br2/Br3– complexing agent 
for aqueous flow battery systems, does not induce any additional 
complexation/precipitation with Br3– in the presence of EV2+ (EV2+/Br3–; blue 
open-circle curve vs EV2+/Br3–/MEP+; black solid curve), which correlates with 
the poor stability and fast self-discharge results obtained for the previous 
asymmetric KBr/MEPBr cell. This relative interaction strength, i.e., MEP+ < 
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EV2+ < TBA+, is consistent with previous findings that indicate hydrophobicity 
enhances solid complexation,36,37 and suggests that TBABr should be a suitable 
complexing agent for EV/Br dual-redox ECs.  
 
 
Figure 47. UV−vis absorption spectra quantifying the concentration of 
uncomplexed EV2+ in solution. Absorption maxima correspond to the 
concentration of EV2+ remaining dissolved in the supernatant without Br3– (EV2+; 
blue open-square curve), with the addition of Br3– (EV2+/Br3–; blue open-circle 
curve), with Br3– and TBABr (EV2+/Br3–/TBA+; orange solid curve), and with Br3– 
and MEPBr (EV2+/Br3–/MEP+; black solid curve), respectively. The spectra are 
normalized to the absorption maxima of the EV2+ (λmax = 260 nm).  
 
A two-electrode cell with a 1.2 M EVBr2/2.88 M NaBr/0.12 M TBABr 
electrolyte (i.e., 10 mol % addition of TBABr based on the molar concentration 
of EVBr2), paper separator, and symmetric activated carbon electrodes (areal 
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mass loading of 12.7 mg/cm2) was assembled and tested by GCD. The 
concentration of EV and Br were set at 1.2 M and 3 M, respectively, for the 
comparison with standard EV/Br cell, and 10 mol % addition of TBABr ensures 
that this electrolyte concentration is readily soluble, thus providing simple 
solution preparation and lower viscosity. The cell (denoted as EV/TBA/Br) 
produced ~64 W·h/kg at 1 A/g with ~97% Coulombic efficiency and a high 
energy efficiency of ~84% when charged/discharged between 0 V and 1.35 V 
(full performance metrics summarized in Table 11). Most importantly, the 
specific energy of the cell degraded by only ~3% over 1000 cycles compared to 
18% capacity loss of the cell without TBABr cycled under the same conditions 
(Figure 48a). For the long-term cycling test, the EV/TBA/Br cell maintained 
stability with 90% energy retention over 5000 cycles (charge/discharge at 2 A/g) 
and exhibited ~4% degradation over an additional 7000 cycles when operated 
from 0 V to 1.3 V at the same current density (Figure 48b). This stability increase 
shows that the superior performance of short-alkyl-chain viologens can be 
maintained without sacrificing lifetime through the addition of TBABr. 
Furthermore, the EV/TBA/Br cell shows good self-discharge characteristics. The 
EV/Br control cell has ηR (6 h) = 28% when charged to 1.35 V, due to gradual 
cross-diffusion of the charged Br3– and EV•+ species from the positive and 
negative electrodes, respectively. In contrast, the EV/TBA/Br cell, which is 
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designed to suppress the Br–/ Br3–  shuttle, shows improved self-discharge with 
ηR (6 h) = 53% when charged to 1.3 V and ηR (6 h) = 45% when charged to 1.35 
V. For these two conditions the open circuit voltage losses are only 13% and 
16%, respectively, comparable to other redox ECs that use costly ion-selective 
membrane separators (Figure 48c). The ability to forgo the use of the ion-
selective membrane is made possible by the solid-state confinement of the 
bromine species in the porous carbon electrode.  
 
Table 11. Performance metrics normalized to different cell components  
	 Dry	electrodes	 Wet	electrodes	
Normalization	mass	(mg)	 20	mg		
Cathode:	10	mg					
Anode:	10	mg	
90	mg		
Electrolyte:	70	mg	
Electrodes:	20	mg	
Specific	energy	(W·h/kg)	 63.6	W·h/kg	 14.1	W·h/kgwet	
Specific	capacity	(mA·h/g)	 66.6	mA·h/g	 14.8	mA·h/gwet	
Specific	power	(W/kg)	 970	W/kg	 216	W/kgwet	
 
(cell was charged/discharged between 0 and 1.35 V at 1 A/g. Energy, capacity, and power reported here are 
from the 20th charge/discharge cycle.) 
 
The Ragone plot in Figure 48d shows that the EV/TBA/Br cell provides a 
power performance higher than 3 kW/kg while still retaining ~15 W·h/kg energy 
density (based on the mass of dry electrodes). In order to provide further 
performance comparison, an aqueous EDLC (1 M Na2SO4 electrolyte) and a 
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commercial non-aqueous EDLC (BCAP0001 P270 T01, Maxwell Technologies) 
were tested as control/comparison devices. Figure 48d shows that the 
EV/TBA/Br cell produced specific energy well above the 1 M Na2SO4 cell (black 
curve) at all power rates. Compared to the commercial non-aqueous cell, this cell 
delivered as high as ~250% increased specific energy over a wide range of power 
rates up to ~3 kW/kg. Overall, these results further demonstrate that the 
EV/TBA/Br redox EC system substantially improves energy as well as power 
densities of aqueous EDLCs by adding dual faradaic reactions at both the positive 
and negative electrodes, without negatively impacting cycle life. 
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Figure 48. A 1.2 M EVBr2/0.12 M TBABr/2.88 M NaBr cell. (a) Specific 
energy and cycling stability of EV/Br cells with and without TBABr; the inset 
shows GCD profiles at the 1000th cycle. (b) Long-term cycling stability of the 
EV/TBA/Br cell cycled at 2 A/g to 1.3 V, and to 1.35 V; the inset shows GCD 
profiles for the last 3 cycles. (c) Open circuit voltage for 6 h after charging the 
cell to 1.35 V (orange curve) and 1.3 V (blue curve), respectively. (d) Specific 
energy vs power of the EV/TBA/Br cell (orange curve) and its comparison to 
Na2SO4 (black curve) and commercial Maxwell (green curve) cells. Specific 
energy and power of all cells, including the commercial EDLC, were normalized 
to the dry mass of both positive and negative electrodes. Rate tests of the 
EV/TBA/Br cell were performed after the initial 1000 GCD cycles at 1 A/g. 
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Conclusions 
We propose a shift away from the conventional use of a mobile, liquid state 
to complex Br3– and report a fundamentally different solution to complex/store 
Br3– for aqueous redox ECs. We demonstrate with microscopic-level evidence 
that reversible solid complexation of Br–/Br3– redox couple induced by 
tetrabutylammonium bromide effectively stores reactive and diffusive bromine 
within the pores of the carbon electrodes. This mechanism suppresses unwanted 
chemical reactivity and cross-diffusion of Br2/Br3– that results in improved 
cycling stability and self-discharge rates of redox ECs. We used this fundamental 
understanding of chemical and electrochemical processes at the 
electrolyte/electrode interface to develop a high-performance dual-redox EC. 
This dual-redox EC, which integrates TBABr with an ethyl viologen anolyte and 
a bromide catholyte, produces a record specific energy with stable cycling at high 
power levels: Addition of tetrabutylammonium improves all aspects of device 
performance including stability, energy and power density without adding 
complexity to the fabrication process. The system can be assembled without a 
dry room or glove box, uses aqueous electrolyte with readily available salts, and 
has a cost-effective paper separator that avoids the use of expensive ion-selective 
membranes. These attributes address hurdles to practical commercialization, and 
low costs of production may be possible. Our systematic approach to efficiently 
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utilize bromide catholyte with a non-redox-active cation and design of a high-
performance dual-redox EC should be informative and promise to be readily 
applicable for a wide variety of energy storage applications, especially for the 
science of hybrid electrochemical energy-storage systems (e.g., pairing a high-
performance bromide catholyte at positive electrode with faradaic battery-type or 
pseudocapacitive negative electrode). 
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Chapter 5 
 
Stackable bipolar pouch cells with metal-
free current collectors for high-power 
electrochemical energy storage with 
corrosive aqueous electrolytes  
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Introduction 
Aqueous electrochemical energy storage is currently under intense 
investigation and development due to the promise of low cost, environmental 
friendliness, high power, and safe operation.1–6 Despite recent advances with 
active materials (i.e., electrodes and electrolytes) for aqueous electrochemical 
energy storage, successful translation of lab-scale test cells into practical 
applications remains scarce due to the lack of viable cell designs and the cost and 
technical difficulties of large-scale manufacturing. To facilitate 
commercialization of these nascent systems, it is important to look not just at 
active materials, but to also diagnose and solve problems related to entire cell 
components and device design. One example that fits into these categories is the 
current collector, an essential but often overlooked component in any 
electrochemical energy storage device that can have a significant impact on the 
viability of a scaled cell. 
Current collectors provide mechanical support for the active materials in the 
electrode and a path for electrons to travel to and from the device terminals. A 
current collector (CC) designed for commercially viable high-power aqueous 
devices must be low-cost, electrically conductive, mechanically tough, and 
(electro)chemically stable in the electrolyte under a wide working potential 
range. Additionally, it must be thin and lightweight to avoid compromising cell-
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level volumetric or gravimetric performance. Designing CCs that simultaneously 
meet all of these critical requirements is challenging. Metal foils, for example, 
provide high electronic conductivity, but aqueous electrolytes corrode most 
metals, limiting practical choices to stainless steel, nickel, or titanium.2,7 Even 
these metals/alloys are unstable in acidic conditions, limiting their use to neutral-
pH and alkaline chemistries. 
Unlike metals, carbon allotropes are generally stable over a much wider range 
of electrolyte conditions.8 Carbon has the additional advantage of better contact 
resistance with electrode materials due to the lack of a passivating oxide layer.9 
Further, it also suppresses hydrogen and oxygen evolution due to large kinetic 
overpotentials, which effectively widens the electrochemical stability window of 
aqueous electrolytes.4 Consequently, the use of carbon as a current collector is 
well-explored. Expanded graphite foil has been shown to be a suitable current 
collector for aqueous electrochemical energy storage, but one drawback is its 
porous structure, which makes it permeable to electrolyte.5,10–12 Carbon fiber and 
carbon nanotube papers and mats have also been used, but are again porous, 
fragile, and too resistive for practical application.2,11 In flow batteries and fuel 
cells, rigid graphite or carbon/polymer composite plates are commonly employed 
as CCs, but these thick materials end up responsible for the majority of the cost, 
weight and volume of the stack, making them unattractive for use in compact, 
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portable (non-flow) cells.13,14 Pyrolytic graphite has been considered for use with 
corrosive electrolytes, but it is not mechanically tough and its high cost quickly 
rules it out as a CC candidate for mass production.15  
To address the limitations of existing metallic and carbon-based current 
collectors, we searched for alternative materials that could be widely applicable 
in a range of electrolytes for high-power aqueous energy storage. This chapter 
discusses the use of a carbon black/polyethylene composite film (CBPE) as a 
current collector material. This material is commercially available (mass-
produced for antistatic packaging), low-cost, thin, and lightweight. We 
systematically investigate and demonstrate that CBPE exhibits a wide 
electrochemical stability window in a variety of aqueous electrolytes, but find 
that its insufficient conductivity prevents its use as a CC in a conventional cell 
architecture. To address this critical drawback, we developed a bipolar pouch cell 
architecture where current flows through-plane instead of in-plane, shortening 
the distance that it must travel through the CBPE CC. This configuration allows 
for the current collector material to have higher resistivity, and thus solves the 
low electrical conductivity issue of CBPE. Further, the flexible and heat-sealable 
CBPE composite serves simultaneously as the cell packaging and seal in addition 
to its role as a current collector, enabling the facile construction of stacked pouch 
cells with shared bipolar CCs. To test this conceptual platform for use in aqueous 
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electrochemical energy storage, we constructed non-flow zinc bromine batteries 
and demonstrated that the system operates in challenging conditions that combine 
a corrosive and acidic electrolyte with a wide operating voltage. These cells 
achieve a cell-level energy density of 50 Wh/L at a 10 C rate (0.5 kW/L), with 
less than 1% capacity loss over 500 cycles. This energy density is competitive 
with commercial Pb-acid batteries while the power density and stability are an 
order of magnitude better. Furthermore, a larger, 4-cell stack is built to illustrate 
that the pouch cells are scalable and stackable without sacrificing performance. 
The resulting device employs 3 bipolar CCs, operates in the range of 6-7 V, and 
has an internal self-balancing mechanism that prevents any individual cell in the 
stack from overcharging damage.   
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Materials and Methods 
Materials. All reagents and starting materials were obtained commercially 
and used as received without any further purification. Sodium bromide (NaBr), 
sodium sulfate (Na2SO4), and tetrabutylammonium bromide (TBABr) were 
purchased from Sigma-Aldrich. Zinc bromide (ZnBr2) was purchased from 
Fisher Chemical. Norit® A Supra activated carbon was purchased from Acros 
Organics. The carbon black/polyethylene composite film (CBPE) was purchased 
from Caplinq (Linqstat XVCF). Water was from a Milli-Q SimplicityTM 185 
system with resistivity ≥ 18.2 MΩ·cm (if not specified, all solutions in the SI and 
text refer to aqueous solutions).   
 
Cell design and assembly 
Carbon electrodes. For the preparation of electrodes, activated carbon (Norit 
A Supra), polytetrafluoroethylene (PTFE) binder (60 weight % aqueous 
dispersion from Sigma-Aldrich), and acetylene black conductive additive 
(Vulcan® XC72R) were mechanically mixed in a 90:5:5 mass ratio with 
isopropanol, and the resulting slurry was repeatedly rolled and folded with a 
PTFE rolling pin. This mass was then rolled between sheets of PET plastic into 
a single freestanding film with a thickness of 165 ± 15 µm with an Emporio® 
Pasta Machine. Electrodes were cut from the film and dried overnight at 175 ºC 
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in air, and then further dried under high vacuum at room temperature for two 
days.  
 
ZnBr2 electrolyte. The electrolyte prepared for the cells in this chapter was 5 
M ZnBr2 + 1 M NaBr. To suppress dendrite formation, a polyethylene glycol 
(PEG, M.W. = 200) additive was included at 4.5% v/v.16     
 
Pre-adsorption of TBABr complexing agent. TBABr does not dissolve in 
the ZnBr2/NaBr electrolyte because tetrabromozincate anions, [ZnBr4]2–, will 
form and precipitate as an insoluble complex with TBA+ out of solution.17** To 
solve this problem, the TBABr complexing agent was pre-adsorbed to the 
activated carbon by soaking the electrode in a solution of 0.25 M TBABr in the 
absence of ZnBr2 (Figure 49). The electrodes were submerged in this solution for 
4 h while vacuum and N2 (150 psi) were alternately applied to infiltrate the 
hydrophobic carbon electrodes.  
The quantity of TBABr adsorbed during this step was measured for one 
electrode by dabbing away excess electrolyte after soaking and then drying the 
                                         
** This reference notes that a solid precipitate forms when mixing 1 M TBABr 
and 1 M ZnBr2. We observed the same behavior when NaBr is present, but in the 
absence of NaBr we saw the formation of a separate highly viscous organic phase 
rather than solid precipitation.  
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sample for 2 days under high vacuum at room temperature instead of constructing 
a cell from the wet electrode. The dry electrode mass increased by 49% relative 
to the initial mass before soaking. Normalized to the mass of the activated carbon 
electrode, this amount of TBABr can form a quantity of TBABr3 equivalent to 80 
mAh/g of capacity. Additional formation of the weaker TBABr5 or TBABr7 
complexes would correspond to even higher complexed capacities of 160 mAh/g 
or 240 mAh/g, respectively.18,19   
 
ZnBr2 Pouch cell Assembly. After the TBABr pre-adsorption/soaking step, 
the wet electrode is put into contact with a paper separator that has been saturated 
with a fixed volume of the ZnBr2/NaBr electrolyte. The full cell assembly 
consists of the activated carbon positive electrode, a 180-µm-thick paper 
separator, and a plastic spacer between two CBPE current collectors. This cell 
assembly is heat-sealed to form a pouch and left to rest for 12 h before 
cycling/performance tests. As the ZnBr2 diffuses into the electrode during this 
period, the TBA-bromozincate complex forms and adsorbs to the activated 
carbon surface (Figure 49). This mixing of the electrolyte with the aqueous 
TBABr solution in the electrode dilutes the ZnBr2 electrolyte, decreasing the 
concentration from the initial 5 M in the separator to ~ 2.5-3 M in the final 
assembled cell.  
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Figure 49. Zinc bromide cell construction. The activated carbon electrode is 
pre-soaked in a TBABr solution to pre-adsorb the Br3– complexing agent at the 
surface. Separately, the paper separator is wet with a fixed volume of the ZnBr2 
electrolyte. When the electrode is placed in contact with the separator in a cell 
assembly, bromozincate anions complex with TBA+ and precipitate. This 
procedure ensures that both the complex and the TBA+ it contains are retained in 
the high-surface-area pores of the electrode.   
 
Pouch Preparation. To prepare the heat-sealed pouches, square pieces of 
CBPE current collector (Linqstat XVCF), paper separator (WhatmanTM #1), and 
polyethylene spacer (90-µm-thick plastic bag) are cut according to the 
dimensions in Table 12. 
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Table 12. Dimensions of pouch cell components 
 Individual Pouch Scaled Bipolar Stack 
Electrode(s) 1.0 cm × 1.0 cm  2.5 cm × 2.5 cm 
Plastic Spacer(s) Outer: 3 cm × 3 cm 
Inner: 1.1 cm × 1.1 
cm 
Outer: 4.5 cm × 4.5 cm 
Inner: 2.54 cm × 2.54 
cm 
Separator(s)  1.27 cm × 1.27 cm 3 cm × 3 cm 
CBPE CC(s)  2.5 cm × 2.5 cm 4 cm × 4 cm 
Electrolyte* 35 µL 195 µL (per cell) 
*This represents the quantity of ZnBr2 electrolyte added directly to the dry 
separator. Due to the additional aqueous TBABr in the positive electrode, the 
total electrolyte volume is ~60% higher after assembly. 
 
After the pouch cell materials are cut, cell assembly is completed with a 
commercial heat sealer (KF-305 hand sealer, 12” × 5mm) with the following 
steps:   
1. The plastic spacer is heat-sealed to all four edges of the negative CBPE 
CC. The paper separator is trapped between these layers at its edges and 
held in position laterally by the sealed edges (Figure 50a).  
2. The positive CBPE CC is then heat-sealed to the other side of the plastic 
spacer on one edge to create a flexible flap (Figure 50b).  
3. After adding ZnBr2 electrolyte to the paper separator and placing the 
TBABr-soaked electrode on top of the separator, the flap is closed and the 
remaining three edges are sealed (Figure 50c).  
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For bipolar current collectors, instead of sealing a single CBPE CC onto the 
top of the pouch in Step 2, the new layer that becomes the flap is another CBPE 
CC/plastic spacer assembly, identical to that prepared in Step 1. In the scaled 
bipolar pouch cell, for example, there are four identical CBPE/plastic spacer 
assemblies before assembly (one negative CC and 3 bipolar CCs) and one CBPE 
positive CC (Figure 50d). For each new cell added to the top of the stack, steps 2 
and 3 are repeated.  
 
 
Figure 50. Assembly of pouch cells. (a) The plastic spacer is heat-sealed to all 
four edges of the negative CBPE CC. (b) The positive CBPE CC is heat-sealed 
to the other side of the plastic spacer on one edge to create a flexible flap. (c) 
After adding ZnBr2 electrolyte and the positive electrode, the flap is closed and 
the remaining three edges are sealed. (d) Current collectors prepared for the 
scaled bipolar pouch before assembly. A negative CC/plastic spacer assembly 
(top left), positive CC (middle left), and three bipolar CC/plastic spacer 
assemblies (right) are shown. The markings on the plastic spacers are to assist 
with alignment.  
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Testing configuration. To test individual pouch cells, the sealed pouch was 
placed between two rigid endplates (Figure 51). The endplates consist of 
aluminum tape stuck to a glass plate. To improve electrical contact between the 
aluminum foil and the pouch, the metal is roughened with sandpaper and coated 
with a thin layer of conductive carbon conductive assembly paste (MG Chem 
847-25ML). Pressure is then applied to the full assembly using a pair of small 
(¾”) steel binder clips, and the leads are clipped to the protruding aluminum tape 
before cell cycling.  
 
 
Figure 51. Testing setup for pouch cells. The heat-sealed pouch is placed 
between glass plates covered in aluminum tape and a carbon conductive paste. 
External pressure is applied to the entire assembly by a pair of steel binder clips 
(not shown) acting as compressive springs. 
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For the scaled bipolar pouch, a similar procedure was followed. As shown in 
the manuscript, titanium plates were used as endplates instead of aluminium tape 
on glass. The metal plates were again roughened and covered in conductive 
carbon paste, and four steel binder clips were used to apply pressure to the stack. 
 
Electrochemical characterization  
All linear sweep voltammetry and galvanostatic charge/discharge (GCD) 
cycling tests were performed at a temperature of 25 ± 1 ºC on a Bio-logic VMP3 
potentiostat/galvanostat. 
Linear Sweep voltammetry. The linear sweep voltammetry experiments 
were carried out on a Bio-logic VMP3 potentiostat/galvanostat with a 
conventional three electrode cell. Test electrolytes included 1 M Na2SO4, 1 M 
H2SO4, 1 M NaCl, and 1 M KOH. The reference electrode was Ag/AgCl (CH 
Instruments, 1 M KCl internal filling solution) for all electrolytes except KOH, 
which used an Hg/HgO reference electrode (1 M KOH internal filling solution). 
Candidate current collector materials including 316L Stainless Steel foil (ESPI 
Metals KNC7823), Nickel foil (MTI EQ-PLIB-NTAB), Titanium foil (STREM 
Chemicals 93-244), or CBPE (Linqstat XVCF) were used as working electrodes. 
These electrodes were masked with electrochemical tape (3M-484) to expose 
only a circular 6-mm-diameter area to the electrolyte. To minimize the effect of 
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IR drop from poor in-plane conductivity for tests with CBPE, the side of the film 
not in contact with the electrolyte was laminated to roughened copper foil with 
conductive carbon conductive assembly paste (MG Chem 847-25ML).  
Before each experiment, the masked working electrode was rinsed with 
isopropanol and then water, and the Pt wire counter electrode was rinsed first 
with acetone followed by water. Test solutions were purged with N2 for 10 mins 
prior to each measurement. Cathodic sweeps were performed from the open 
circuit potential (EOC) to -2.5 V and anodic sweeps were performed from EOC to 
2.5 V. The potential sweeps terminated early if a cutoff condition of 0.5 mA (1.77 
mA•cm-2) was reached. For each working electrode/electrolyte combination, 
three cathodic sweeps were performed first, followed by three anodic sweeps. 
The third sweeps were plotted for comparison.       
Electrochemical characterization of pouch cells. The applied current for 
GCD cycling tests was normalized to the dry mass (activated carbon, carbon 
black, and PTFE binder) of the positive electrode. Charging was performed to a 
capacity limit of 50 mAh/g, 100 mAh/g, or 150 mAh/g. Potential limits were 
applied for discharging, with Vmin values of 1 V for single cells and 5 V for the 
scaled bipolar stack. The following equations are used for calculating device 
performance (I = applied current, t = time, and V = voltage): 
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Charge capacity, Qch (mAh)  𝑄`­ = 𝐼`­ ∙ 𝑡`­   (5.1) 
Discharge capacity, Qdis (mAh) 𝑄234 = 𝐼234 ∙ 𝑡234   (5.2) 
Coulombic efficiency, ηC   𝜂¯ = 𝑄234/𝑄`­   (5.3) 
Charge energy, Ech (Wh)  𝐸`­ = 	 𝐼 ­ ∙ 𝑉 𝑡 	𝑑𝑡:X±;   (5.4) 
Discharge energy, Edis (Wh)  𝐸234 = 	 𝐼234 ∙ 𝑉 𝑡 	𝑑𝑡:KIQ;  (5.5)  
Energy efficiency, ηE    𝜂A = 𝐸234/𝐸`­   (5.6)  
Voltage efficiency, ηV   𝜂Ä = 𝜂A/𝜂!     (5.7) 
Average power, Pdis (W)  𝑃234 = 𝐸234/𝑡234   (5.8) 
 
Energy and power reported in the text indicate discharge energy (Edis) and 
average discharge power (Pdis) and are normalized on both a gravimetric and 
volumetric basis. For gravimetric normalization, specific power and energy are 
calculated based on the mass of the activated carbon electrode (including the 
binder and conductive carbon additive) to be consistent with other similar 
systems reported in the literature. For volumetric normalization, power and 
energy density are calculated based on the pouch volume. This volume is 
calculated by multiplying the geometric area of the electrode, A, by the thickness 
of the pouch (electrode + separator + CBPE CCs), d. This neglects the volume 
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occupied by the seal around the perimeter of the pouch, but the volume of this 
region is small and becomes increasingly negligible as the cell scales to larger 
sizes. 
The self-discharge rate was quantified based on the remaining discharge 
energy as a function of open circuit time, δ. An open circuit energy efficiency, 
ηR, is defined as the ratio of the energy retained after time δ at open circuit to the 
initial discharge energy and calculated by the following formula:  
 
Open circuit energy efficiency, ηR       𝜂³ 𝛿 = 𝐸234(𝛿)/𝐸234(0) (5.9) 
 
Resistivity/Conductivity Calculations 
Monopolar current collectors. To calculate current collector (CC) 
requirements for an idealized monopolar cell architecture we devised a model 
corresponding to the diagram in Figure 52a. It is assumed that the current density, 
J, across the electrode-CC interface is uniform over the entire cell and that a 
continuous, highly conductive tab runs across the entire top of the CC to connect 
it to the device terminals. In an actual cell, tabbing is unlikely to be continuous 
and there will also be voltage gradients within the CC that cause higher current 
densities near the tabs and lower current densities further from tabs. However, in 
the high-rate charge-discharge condition discussed in this chapter, current density 
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is likely to be limited by the resistance from the electrolyte and electrode, rather 
than the CC, making the uniform current density assumption reasonable for a 
first-order analysis. 
 
 
Figure 52. Simplified schematic of monopolar and bipolar current collectors. 
(a) The parameters for estimating the IR drop in (a) a monopolar CC and (b) a 
bipolar CC. The CC dimensions for both schematics are the height, L, the width, 
w, and the thickness, t. The current density, J, across the electrode/CC interface 
is uniform at all points, and each distance ℓ indicates the path length between the 
points where current enters the CC and the point where it exits through the tab.   
 
The monopolar CC dimensions shown in Figure 52a are its height, L, 
measured perpendicular to the tab, its width, w, measured parallel to the tab, and 
its thickness, t. In this configuration current must flow a distance, ℓ, from the 
point where it enters the CC to the tab. In the CC there is a fixed resistivity, 𝜌, 
and the current flows through a cross-sectional area, A, where A = w · t. The 
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contribution to the IR drop that is attributed to the monopolar current collector 
(VMCC) for each value of ℓ is calculated by using the following equation: 𝑑𝑉Å¯¯ = 𝑑𝐼	 ∙ 𝑅Å¯¯ ℓ  
Where RMCC is the resistance of the current collector at a distance ℓ from the 
tab and dI is the current entering the CC at this distance. It is possible to express 
these values in terms of ℓ:    𝑑𝐼 = 	𝐽 ∙ 𝑤 ∙ 𝑑ℓ 
𝑅É!! = ρ ∙ ℓ𝐴 = ρ ∙ ℓ𝑤 ∙ 𝑡 
Combining these equations gives: 
𝑑𝑉É!! = 𝐽 ∙ 𝑤 ∙ 𝑑ℓ	 ∙ ρ ∙ ℓ𝑤 ∙ 𝑡 = 𝐽 ∙ ρ ∙ ℓ𝑡 𝑑ℓ	 
This equation is then simplified and integrated over the entire CC area: 
𝑉É!! = 𝐽	 ∙ ρ ∙ ℓ𝑡Ë; 𝑑ℓ = J ∙ ρ ∙ Lg2𝑡  
Finally, for the full cell, the IR drop at the transition from charge to discharge 
(∆VMCC) is calculated by using ∆J = Jch – Jdis. The value for ∆VMCC is doubled to 
account for two electrodes and CCs in each cell: 
∆𝑉É!! = ∆J ∙ ρ ∙ Lg𝑡  
  204 
This relationship assumes that electrodes are coated onto only one side of the 
monopolar CC. Double-sided coating would double dI and place more 
demanding requirements on CC materials. 
Bipolar current collectors. The IR drop calculation was repeated for bipolar 
CCs. The bipolar CC dimensions shown in Figure 52b are again the height, L, the 
width, w, and the thickness, t. The current density, J, across the entire electrode-
CC interface is uniform over the entire cell at all conditions for a bipolar cell. In 
this configuration current flows in the through-plane direction over a distance ℓ, 
where ℓ = t. In the CC there is a fixed resistivity, 𝜌, and the current flows through 
a cross-sectional area, A, where A = w · L. The contribution to the IR drop that is 
attributed to the bipolar current collector (VBCC) is calculated with the following 
equation: 𝑉p!! = 𝐼	 ∙ 𝑅p!!  
Where RBCC is the resistance of the bipolar current collector and I is the current 
passing through the CC. It is possible to express these values alternately as:    𝐼 = 	𝐽 ∙ 𝑤 ∙ 𝐿 
𝑅p!! = ρ ∙ ℓ𝐴 = ρ ∙ 𝑡𝑤 ∙ 𝐿 
Combining these equations gives: 
𝑉p!! = 𝐽 ∙ 𝑤 ∙ 𝐿	 ∙ ρ ∙ t𝑤 ∙ 𝐿 = 𝐽 ∙ ρ ∙ t	 
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Finally, for the full cell, the IR drop at the transition from charge to discharge 
(∆VBCC) is calculated by using ∆J = Jch – Jdis. The value for VBCC is doubled to 
account for two electrodes and CCs per cell, then halved to account for each CC 
being shared between two cells: ∆𝑉p!! = ∆J ∙ ρ ∙ 𝑡 
In the manuscript, the derived equations for ∆VMCC and ∆VBCC are used to 
calculate the maximum resistivity, 𝜌, a monopolar or bipolar CC material could 
have (while maintaining an IR drop less than ∆VCC at a current density of ∆J) as 
a function of cell size, L, for a variety of thicknesses, t. For example, for a cell 
size of 5 cm with 50-µm-thick current collectors we can apply the condition that 
the CC IR drop contribution be less than 100 mV at a current density of ±100 mA 
• cm-2. Using the equations for ∆VMCC and ∆VBCC with these values we find that 
for a monopolar cell the highest acceptable value for 𝜌 is 1.0 × 10-4 Ω•cm and 
that for a bipolar cell the highest acceptable value for 𝜌 is a substantially higher 
100  Ω•cm. 
 
Cost Estimates 
Previous studies have compared the relative price of 200-µm-thick sheets of 
different current collector materials offered in small quantities from specialty 
suppliers.7,10 Due to the different cell architecture in this work, we performed a 
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comparison looking at the thinnest mass produced foil or film of each material 
instead of comparing on a constant-thickness basis. For stainless steel, nickel, 
and titanium foils this thickness is 25 µm (1 mil), while aluminium foil for battery 
applications is available at 15 µm. For carbon materials, the thinnest expanded 
graphite, CBPE, and pyrolytic graphite were 130 µm, 70 µm, and 50 µm, 
respectively. While lower thicknesses are available for some specialty materials, 
they are not available in large quantities and tend to be too expensive for use in 
battery applications.  
Reliable data on production costs of these materials are difficult to find, so we 
instead made our best effort to find bulk pricing for large rolls (> 10 m2). The 
pricing data for CBPE came directly from the manufacturer’s website 
(Caplinq.com). Pricing data for other materials came from Alibaba.com, 
Allfoils.com, and Graphitematerials.com. There was a large variation in price for 
the more expensive materials (titanium, nickel, and pyrolytic graphite) and a 
smaller variation in price for the cheaper materials (expanded graphite, stainless 
steel, and CBPE), so a ±20% uncertainty is assumed for each material.   
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Results and Discussion 
Electrochemical Stability of Current Collectors 
A broadly applicable current collector must withstand wide anodic and 
cathodic polarization and resist corrosion in neutral, acidic, and basic pH 
electrolytes. The corrosion protection of metals such as stainless steel (SS), 
nickel, and titanium derives from the formation of surface passivation layers, 
which leads to other problems. Passivating metal oxide films are electrically 
insulating, which causes high interfacial contact resistance between the electrode 
and current collector.9 Even in neutral-pH electrolytes, passivated metals are 
susceptible to pitting corrosion under anodic bias when aggressive anions such 
as halide salts or sulfates are present.7,20,21 In other cases the current collector can 
be stable and still cause cell performance degradation via electrolyte 
decomposition, especially with metals such as platinum and gold that facilitate 
water splitting.4   
We investigated the electrochemical stability window of CBPE and compared 
it to SS, Ni, and Ti metal current collectors for aqueous devices using linear 
sweep voltammetry (Figure 53). The electrolytes tested were sodium sulfate, 
sulfuric acid, potassium hydroxide, and sodium chloride, each representing 
neutral, acidic, basic, and pitting conditions, respectively. The CBPE material 
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shows the highest overpotential for hydrogen evolution in all electrolytes tested 
on the cathodic sweep, indicating wide compatibility with different pH values 
and electrolyte conditions.  
 
Figure 53. Electrochemical stability of candidate current collectors in 
different aqueous electrolytes. Linear sweep voltammetry of stainless steel 
(SS), nickel, titanium , and carbon black/polyethylene composite film (CBPE) 
reveals the relative stability window of these materials in 1M H2SO4, 1M Na2SO4, 
1M NaCl, and 1M KOH electrolytes.  The flat region in the center of each sweep 
represents the electrochemical stability window. On the cathodic sweep an 
increase in current represents hydrogen evolution, and on the anodic sweep an 
increase in current represents oxygen evolution, corrosion, or anodization.  
 
On the anodic sweeps, CBPE also exhibits much higher stability than Ni and 
SS. In sulfuric acid (1 M H2SO4), for example, Ni corrodes immediately and 
although SS shows some corrosion resistance, its stability limit is almost 1 V 
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lower than that of CBPE. With chloride present in the electrolyte (1 M NaCl), 
CBPE is stable to 1.4 V vs. Ag/AgCl well beyond the potential at which Cl– is 
oxidized to chlorine gas (Cl2). In contrast, Ni and SS are susceptible to pitting 
corrosion under anodic bias when halide salts are present. Titanium appears to 
have even higher stability on the anodic sweep in some electrolytes, but this 
electrochemical behavior is likely due to the formation of an oxide passivation 
layer that would cause a high contact resistance at the electrode/CC interface. 
In many aqueous electrolytes, cells can be charged beyond the thermodynamic 
1.23 V stability window of water to increase power and energy, provided 
appropriate current collectors and electrodes are used.22,23 The electroanalytical 
study above shows that the CBPE material provides a stability window of ca. 2.5 
– 3 V in a variety of aqueous electrolytes, pH values, and pitting conditions. Other 
materials have much narrower stability windows, suggesting that it is the CC that 
limits the electrochemical stability window in many cases rather than the 
electrolyte. The wider stability window with the CBPE composite therefore 
provides an opportunity to extend operating voltages for further development of 
new electrodes and electrolytes without limitations from the current collector. 
For example, the high operating voltages demonstrated elsewhere for aqueous 
supercapacitors with Li2SO4 electrolyte with SS and Au CCs may be worth 
revisiting with CBPE.21–23  
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Electrical Conductivity – Monopolar versus bipolar cell design 
Current collectors must have high electrical conductivity to minimize cell 
resistance. One often-cited advantage of aqueous rechargeable batteries and 
pseudocapacitors is the high power (cycling on the order of 100 C or 10 A/g) that 
is possible due to the excellent ionic conductivity of aqueous electrolytes.1,24 
While these high rates are achievable in coin-type cells, performance will 
decrease when the same systems are scaled up and the cell design becomes 
dependent on CC resistivity/conductivity. As a reference, the resistivity, 𝜌, of 
several common metallic and carbon-based CC materials are summarized in 
Table 12. 
 
Table 13. Resistivity of metallic and carbon-based current collectors 
 Material Resistivity, 𝜌 (Ω • cm) 
M
eta
ls 
Aluminum Foil* 2.8 × 10-6 
316L Stainless Steel (SS) 7.4 × 10-5 
Nickel 7.0 × 10-6 
Titanium 4.2 × 10-5 
Ca
rb
on
s Expanded Graphite (EG) 8.0 × 10-4 
Pyrolytic Graphite (PG) 1.0 × 10-4 
CBPE 3.5 
*Non-aqueous cells only – included for reference 
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A fundamental challenge with a typical monopolar cell architecture for high 
power devices is that current flows in-plane in the current collector through a 
small cross-sectional area (referred to as a “traditional” or “conventional” cell 
architecture throughout the chapter). As the cell size increases, a correspondingly 
larger current must flow through the same cross-sectional area, A, and over longer 
distances, ℓ, significantly increasing ohmic losses (Figure 54a). Therefore, in 
larger cells, thicker current collectors are necessary to decrease resistance, R, as 
R is inversely proportional to A. Figure 54c illustrates the maximum allowed 
resistivity (left axis) and the equivalent minimum allowed conductivity (right 
axis) of a nominal CC material in a hypothetical high-power device as a function 
of cell size for several CC thicknesses. The calculation is performed for a case 
that limits the CC contribution to the IR drop to 100 mV at a current density of 
±100 mA•cm-2 (see Materials and Methods). This requirement ensures that during 
high-rate charge and discharge of a 1 V cell, for example, less than 10% of the 
total energy is lost to CC ohmic I2R losses as heat. Under these conditions, in-
plane current flow in the conventional cell configuration puts a significant 
constraint on the allowed resistivity of the CC materials (the resistivity of the CC 
materials from Table 13 are added to Figure 54c for comparison). From these 
calculations, it is readily apparent that expanded graphite (EG), for example, is 
only suitable for small cells (cell size < 2.5 cm). For larger cells, much thicker 
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EG sheets would be needed, degrading the cell-level volumetric and gravimetric 
power and energy performance. Nickel, titanium, and stainless steel have better 
conductivity than EG and can therefore accommodate larger cell sizes before the 
CCs become prohibitively thick. Although it is stable and corrosion-resistant, 
CBPE is unusable in a conventional cell format due to its resistivity being ~5 
orders of magnitude too high. 
To circumvent the insufficient electrical conductivity of CBPE in a 
conventional cell architecture, a bipolar cell design can be used instead. In this 
configuration, current flows through-plane over a distance of micrometers to 
millimeters instead of in-plane over a distance of centimeters, allowing for the 
current collector material to have higher resistivity and/or lower thickness (Figure 
54b). Because CCs are shared between adjacent cells in a bipolar cell stack, a 
single CC serves as the positive current collector for one cell and the negative 
CC for its neighbor. This arrangement presents a technical challenge by requiring 
that the CC material be stable under both anodic and cathodic extremes. This 
requirement excludes many CC materials from use in a bipolar cell architecture, 
but the wide electrochemical stability window of CBPE makes it an ideal 
candidate.  
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Figure 54. Monopolar and bipolar cell architectures. Series string of 
monopolar cells showing typical cell components. Current flows in the plane of 
the current collector to external tabs which connect the cells in the pack. The 
equation illustrates that resistance, R, of the CCs increases as current travels 
longer distances, ℓ, or through a smaller area, A. (b) The same cell components 
arranged in a bipolar cell stack, where current flows directly between cells by 
traveling in the through-plane direction of a shared bipolar current collector. For 
cells with equivalent current collector materials, resistance will be lower in the 
bipolar configuration due to the shorter path length, ℓ, and larger cross-sectional 
area, A. (c) Current collector requirements for different cell sizes/architectures 
showing maximum resistivity allowed for a given cell size and CC thickness for 
monopolar cells (orange curves) and bipolar cells (purple lines). Actual resistivity 
of metal CC materials (dotted gray lines) and carbon CC materials (dashed black 
lines) are included for comparison. The calculations assume perfect tabbing and 
uniform current density with the constraint that CC IR drop is ≤ 100 mV at ± 100 
mA • cm-2. EG = expanded graphite. PG = pyrolytic graphite. SS = 316L stainless 
steel.  
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Repeating the CC resistivity calculations for bipolar architectures (purple 
lines in Figure 54c) shows that the resistivity of CBPE (3.5 Ω•cm) is significantly 
better than the required values of 200 or 50 Ω•cm for 25 or 100 µm-thick bipolar 
CCs, respectively. This confirms that the short path length, ℓ, traveled by current 
in the bipolar cell design as well as the larger cross-sectional area, A, solve the 
problems associated with CBPE’s low electrical conductivity (Figure 54b). An 
added benefit of the bipolar configuration is that the current density is uniform at 
all points in the cell, so the current collector requirements stay constant as the 
cell scales to larger sizes. This uniform current density also eliminates voltage 
gradients between the tabbing point and the opposite edge of the current collector 
found in a monopolar design, producing uniform charging, discharging, and heat 
generation across the entire electrode. 
 
Areal mass and cost 
 In electrochemical energy storage, cost and mass must be minimized for all 
cell components, not just for active materials.25 For example, if an electrode has 
a mass loading on the order of 10 mg/cm2 and a current collector also has an areal 
mass of 10 mg/cm2, the effective performance of the electrode is reduced by 50% 
(or by 33% for double-sided coating), before considering further performance 
reductions from the mass of electrolyte and other cell components. Thinner CC 
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materials therefore increase cell-level volumetric/gravimetric performance and 
also decrease material costs (except for extremely thin specialty materials, where 
processing costs exceed the savings from using less total material).  
Table 14 compares the thickness, cost, and mass of the current collector 
materials from Table 13 for the thinnest mass-produced form of each material 
found in the market (details in SI). Although thinner materials are prefereable, 
thick CCs are sometimes required for large, high-power monopolar aqueous 
cells, as discussed in the previous section. In this case the realistic areal costs and 
mass loadings will be much larger than those in Table 14, highlighting the 
challenge of finding suitable current collectors for high-power aqueous 
electrochemical energy storage devices. 
 
Table 14. Properties of metallic and coarbon-based current collectors 
 Material Thickness (µm) 
Density 
(g/cm3) 
Areal mass 
(mg/cm2) 
Cost 
($/m2) 
M
ET
AL
S Aluminum Foil* 15 2.7 4.1 0.6 
316L SS 25 8.1 20.3 1.6 
Nickel 25 8.9 22.3 7.8 
Titanium 25 4.5 11.3 6.2 
CA
RB
ON
S Expanded 
Graphite (EG) 130 1.12 14.6 0.9 
Pyrolytic 
Graphite (PG) 50 2.1 10.5 10.5 
CBPE 70 1.15 8.1 1.6 
*Non-aqueous cells only – included for reference 
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Unlike a conventional monopolar cell architecture, bipolar designs decouple 
some of the current collector requirements and tradeoffs − choosing a thinner 
material not only improves conductance, but also decreases areal mass and thus 
cost. This relationship means that for any cell size, the bipolar CC material should 
be based on the minimum commercially available thickness (the same values 
presented in Table 14). Figure 55 summarizes the areal cost and areal mass of the 
different current collectors in the bipolar configuration. Stainless steel, nickel, 
and expanded graphite have higher areal mass loadings of ~15-20 mg/cm2, which 
presents a significant disadvantage for high-power cells with lower electrode 
mass loadings.5 Titanium and pyrolytic graphite have lower areal mass loadings 
of 10-11 mg/cm2 but cost more ($6-$11/m2, respectively). Of the materials 
investigated, only the CPBE composite offers both low areal cost and mass 
($1.6/m2 and 8.1 mg/cm2, respectively), demonstrating that it is an ideal CC 
candidate for low-cost, high-performance aqueous cells when incorporated 
together with a bipolar configuration.  
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Figure 55. Areal mass and cost for several metallic and carbon-based 
current collectors. Materials shown are based on the thinnest mass-produced 
foil or sheet available. Cost estimates are discussed in the SI and plotted with an 
uncertainty of ± 20%. Although aluminum is unsuitable for aqueous systems, it 
is shown for reference to indicate the typical mass and cost for a current collector 
in a non-aqueous energy storage device. EG = expanded graphite, PG = pyrolytic 
graphite, SS = 316L stainless steel. 
 
Heat-sealed bipolar pouch cells 
Another unique property of the CBPE composite material is that the 
thermoplastic polyethylene is both flexible and heat sealable. Taking advantage 
of these properties for device engineering, we investigated both individual pouch 
cells (single CBPE pouch) and stacked bipolar pouch cells (stacked CBPE pouch) 
where this single composite material serves as the cell packaging, current 
collector, and seal. This concept is illustrated in Figure 56a, where the cross-
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sectional schematic and exploded views show how the CBPE material is directly 
fused with a polyethylene plastic spacer after assembly, encapsulating a cell stack 
in a sealed pouch. With both the spacer and CBPE being flexible and heat-
sealable, alignment and cell construction are straightforward, and the design can 
be extended to different cell sizes and electrode geometries.  
For a single stand-alone cell (Figure 56a), the CBPE current collectors mainly 
serve the purpose of protecting metallic endplates from the corrosive aqueous 
electrolyte. The additional advantages of the design come from its stackable 
nature, where the total voltage for an n-cell stack equals n × Vcell (Figure 56b). In 
this configuration, the CBPE films shared between adjacent cells are functioning 
as true bipolar CCs, and the weight and cost of each are effectively halved relative 
to the case of a single, stand-alone cell. Similarly, the weight and cost of the 
single pair of metallic endplates is divided among all of the cells in the stack. 
With a heat-sealed, bipolar pouch architecture, the CBPE composite should 
therefore attain a favorable combination of high electrochemical stability, 
sufficient conductivity, and low cost and weight. In addition, because commercial 
heat sealers are widely available, CBPE is mass-produced, and the plastic spacers 
are cut from inexpensive polyethylene, this fabrication process and device 
architecture can be easily applied to a wide range of electrochemical cells.  
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Figure 56. Single and stacked pouch cells. (a) Exploded view, cross-sectional 
view, and photographs of a single pouch cell. The cell stack, comprised of 
freestanding electrodes and a separator, is placed between two flexible CBPE 
current collectors and surrounded by an insulating plastic spacer. The current 
collectors are heat-sealed to either side of the spacer to seal the cell. (b) Cross-
sectional view of an n-cell bipolar pouch and an exploded view and photographs 
of a larger bipolar pouch with 2 cells in series. The photographs in (a) are of a 
single small pouch cell with round, 11-mm-diameter (300-µm-thick) 
freestanding electrodes while the photographs in (b) show a larger, bipolar pouch 
containing two cells in series, each with a pair of square 4 cm × 4 cm (450-µm-
thick) freestanding electrodes.  These cells contain the pentyl viologen dibromide 
electrolyte developed in Chapter 3 and deliver the same level of performance   
achieved with glassy carbon current collectors. The pouch cells are metal-free. 
Any metal used externally as stack endplates is protected from corrosion as the 
electrolytes are contained by the CBPE material. 
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Demonstrating CBPE pouch cells with a Zinc Bromine Battery  
To test the utility of pouch cells with CBPE current collectors (CBPE pouch 
cells) in a demanding application with aggressive aqueous electrolytes, we built 
(non-flow) aqueous rechargeable batteries with zinc bromide electrolyte. The 
zinc bromide test electrolyte combines the corrosive bromide anion, an acidic pH, 
and a wide operating voltage, and therefore provides a challenging system not 
compatible with metallic current collectors. The battery’s basic electrochemistry 
is summarized below:13 
 
Negative: Zn2+ + 2 e– ⇄	Zn(s)    E° = -0.76 V vs. SHE 
Positive: 2 Br– 	⇄	 Br2 + 2 e–    E° = 1.07 V vs. SHE 
Overall: ZnBr2 	⇄	 Zn(s) + Br2    E° = 1.83 V vs. SHE 
 
At the negative electrode, zinc has a reduction potential of -0.76 V vs. SHE at 
its acidic operating range of pH 1 - pH 3.5. This reduction potential is outside of 
the thermodynamic stability window of water, but zinc possesses a large 
overpotential for hydrogen gas evolution, minimizing electrolyte decomposition. 
At the positive electrode, oxidation of bromide to bromine occurs at 1.07 V vs. 
SHE to give an overall cell potential of  1.83 V for ZnBr2 batteries, higher than 
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any commercialized aqueous battery systems with the exception of lead-acid 
batteries (ca. 2.1 V).26  
Zinc bromine cells are challenged by low Coulombic efficiency and fast self-
discharge due to diffusion of Br3– across the cell, which readily forms from Br2 in 
aqueous electrolytes containing Br– anions.27,28 To prevent this, 
tetrabutylammonium bromide (TBABr) can reversibly complex Br3– in a solid 
phase, [TBA+ · Br3–]s, preventing cross-diffusion (see Chapter 4).29 However, 
TBABr is not soluble in concentrated zinc bromide electrolyte because 
bromozincate anions, [ZnBr4]2–, readily precipitate as an insoluble complex with 
TBA+, preventing ex situ preparation of ZnBr2/TBABr electrolyte.30 To solve this 
problem, the activated carbon positive electrode is pre-soaked in a TBABr 
solution to pre-adsorb this Br3– complexing agent at the surface. Next, the 
electrode is contacted with a paper separator containing zinc bromide electrolyte, 
and assembled into a cell. This procedure ensures that when a TBA/bromozincate 
complex precipitates, both the complex and the TBA+ it contains are retained in 
the high-surface-area pores of the electrode (Figure 50). After preparing the cell 
stack, the full assembly is heat-sealed into a single CBPE pouch cell (Figure 50 
and Figure 51). When the full ZnBr2/TBABr cell charges, bromide is oxidized to 
Br3– at the positive electrode, which complexes with pre-adsorbed TBA+ and 
forms a solid at the electrode surface. For the negative electrode, zinc is plated 
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directly from the electrolyte as a solid metal deposit on the CBPE current 
collector. Both of these processes are reversed upon discharge of the cell (Figure 
57). The solid complexation of Br3– by TBA+ significantly slowed self-discharge 
compared to a ZnBr2 cell without TBABr, increasing energy retention (ηR) from 
12% remaining after 6 h at open circuit without TBABr to 75% remaining when 
TBABr is present. Further, this operating mechanism improves the Coulombic 
efficiency (CE) at a 1 A/g rate from 92% to 99%.  
 
       
Figure 57. Zinc bromide cell charge/discharge mechanism. (schematic) The 
cell is assembled in the discharged state. With this electrolyte chemistry, zinc is 
reversibly plated onto the CBPE negative CC as a zinc metal negative electrode. 
At the positive electrode, bromide is reversibly oxidized to tribromide and 
complexed into an insoluble solid with TBA+. (plot) Self-discharge with and 
without TBABr – the fraction of the initial discharge energy retained after 
different periods at open circuit is much higher for cells with TBA complexing 
agent than for equivalent cells without complexing agent.  
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The ZnBr2/TBABr cells were charged by galvanostatic cycling at 1 A/g 
(normalized to the dry mass of the activated carbon positive electrode) to a 
capacity of 100 mAh/g, and discharged to a set potential of 1 V. A typical GCD 
profile, shown in Figure 58a, has a low IR-drop and a flat charging plateau, 
reaching almost 1.7 V on the charge and having an average discharge voltage of 
more than 1.6 V. Long term cycling shows negligible capacity fading over 2000 
cycles with a capacity of 100 mAh/g and an additional 500 cycles with a capacity 
of 150 mAh/g (Figure 58b). To measure energy-power performance and various 
efficiencies, a series of charge/discharge rate tests was performed from 0.1 A/g 
to 2 A/g (1 C to 20 C) (Figure 58c). At the most efficient conditions (1C rate), a 
round-trip energy efficiency of 93% is achieved. Charging was limited to 2 A/g 
(20 C) or less to prevent the formation of zinc dendrites, but discharge can occur 
at much higher rates.16 Therefore, additional discharge rate tests were performed 
where the cell was charged only at a single rate of 1 A/g (10 C) and discharged 
at different rates of 1 A/g to 12 A/g (10 C to 120 C). The energy and power 
densities are summarized on the Ragone plot in Figure 58d.  
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Figure 58. Electrochemical performance data for a ZnBr2/TBABr CPBE 
pouch cell. (a) Galvanostatic potential profiles at different charge/discharge 
rates. (b) Cycling stability at a rate of ±1 A/g charged to 100 mAh/g for 2000 
cycles and then to 150 mAh/g for an additional 500 cycles. Energies are 
normalized to the mass of the activated carbon electrode (left axis) and to the full 
cell volume (right axis) (c) Charge and discharge energy as well as Coulombic, 
voltage, and energy efficiency at different rates for a cell charged to 100 mAh/g. 
(d) Ragone plot indicating energy and power densities for a cell charging to 100 
mAh/g (solid line) or 150 mAh/g (dashed line). Normalization is to the electrode 
volume only (Velectrode) and to the full cell volume (Vcell). Open triangles indicate 
points where the charge and discharge were performed at the same rate (1 C to 
20 C) while solid triangles indicate points where charging was limited to 10 C 
and different high-rate discharges were performed (up to 120 C).  
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Construction of scaled, bipolar pouch cell stacks 
Encouraged by the stable cycling performance of pouch cells with aggressive 
electrolytes in the single-cell format, we turned our attention towards the 
development of a bipolar stack. A stacked system has the benefit of reaching the 
high voltages needed for practical applications, but is more challenging to 
fabricate. A bipolar pouch comprised of four cells stacked in series was 
constructed using the same ZnBr2/TBABr chemistry from the individual pouch 
cells (Figure 59a). The cell stack operates over a voltage range of 6-7 V, and the 
GCD profile has the same characteristics as that of a single, smaller cell (Figure 
59b).  Although the scaled, stacked system is more complex than individual cells 
and contains 25 times more active material, specific energy is unchanged and 
long-term cycling again shows negligible capacity fading over 1000 cycles with 
a capacity of 100 mAh/g and an additional 500 cycles with a capacity of 150 
mAh/g (Figure 59c). The prototype was then connected to a pair of high-intensity 
3 W blue LEDs to show a practical demonstration that requires a much higher 
voltage and current than a single small test cell can provide (Figure 59d).  
 
 
 
 
  
 
226 
 
 
Figure 59. Performance of a scaled, bipolar pouch. (a) Schematic (not to scale) 
of a 4-cell bipolar pouch cell stack with CBPE current collectors, 2.5 cm × 2.5 
cm (265-µm-thick) activated carbon electrodes, and ZnBr2/TBABr chemistry. 
The cell stack is compressed by four binder clips between a pair of thin titanium 
plates. (b) Photographs showing the prototype (encased between two 5-cm Ti 
plates) running a series-connected pair of high-power 3 W blue LEDs. (c) Typical 
galvanostatic potential profile at 0.5 A/g (normalized to a single electrode). (d) 
Cycling stability of charge and discharge energy at a rate of ±0.5 A/g (5 C) 
charged to a capacity of 100 mAh/g for 2000 cycles and then at a rate of ±1 A/g 
(10 C) charged to a capacity of 150 mAh/g for an additional 500 cycles. Energies 
are normalized to the mass of all four activated carbon electrodes (left axis) and 
to the full cell volume (right axis), which includes the electrode, separator, and 
CBPE current collectors. The cell was rested for several days after cycle 500 and 
after cycle 1000.  
 
  
 
227 
Self-balancing for series-connected pouch cells 
The stable cycling of the stacked ZnBr2 system is notable because it indicates 
that the individual cells remain balanced. In a series-connected pack of 
monopolar cells, the terminals for each cell are exposed and thus individual cells 
can be separately charged to their correct capacity, ensuring that the pack remains 
balanced. In a bipolar stack, however, there is no access to terminals of individual 
cells, so any cell is vulnerable to being overcharged or overdischarged, damaging 
the performance of the entire stack.31 This destructive behavior is not observed 
in the ZnBr2/TBABr cells in this work because there is an intrinsic self-balancing 
chemistry available. When cells are overcharged and all pre-adsorbed TBA+ is 
utilized in solid complexation, additional Br3– generated can escape the positive 
electrode uncomplexed and diffuse across the cell where it is reduced back to Br– 
(Figure 60). This shuttle effect incrementally lowers Coulombic efficiency (CE) 
as charging capacity increases, so any overcharged cells will have a lower CE 
(high leakage current) while undercharged cells will have a higher CE (low 
leakage current). This non-destructive redox-shuttle can be utilized as an 
effective mechanism to prevent overcharging of individual cells and to balance 
multiple cells connected in series.32,33 If one cell in a series stack becomes 
overcharged, it will enter a condition where the Br–/Br3– redox shuttle develops 
and forms a temporary internal short circuit until the other cells in the stack reach 
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the same fully charged state (with equal leakage current). Therefore, this 
electrochemistry has a built-in mechanism for self-balancing that does not require 
water splitting (gassing) that would typically be used for a lead-acid battery, or a 
battery management system (BMS) that would typically be used for lithium-ion 
packs. 
       
Figure 60. Built-in self-balancing mechanism to prevent overcharging of 
ZnBr2 cells. (schematic) Overcharging the ZnBr2 chemistry causes uncomplexed 
tribromide to diffuse across the cell, which creates a temporary internal short 
circuit. This redox shuttle mechanism can prevent overcharging damage to 
individual cells and help balance multiple cells when they are connected in series. 
Note that the electrolyte volume is exaggerated in the schematic. In actual cells, 
the activated carbon electrode touches the separator and electrolyte only resides 
in the porous separator and electrode. (plot) Coulombic efficiency versus 
charging capacity – a ZnBr2/TBABr pouch cell was cycled at 1 A/g to different 
capacity limits in 50 mAh/g increments. Coulombic efficiency decreases 
substantially when the cell is overcharged, due to a finite quantity of TBABr 
complexing agent. 
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To verify experimentally that series-connected ZnBr2 cells can stay balanced, 
two individual cells were connected in series and cycled together at 1 A/g to a 
capacity of 100 mAh/g, as shown in Figure 61a.  The cells stayed balanced over 
100 cycles, with each cell completing the faradaic plateau at the end of every 
discharge. The cycling test was then repeated with the cells deliberately offset, 
where Cell A was initially fully discharged and Cell B was pre-charged to 50 
mAh/g. When the two cells were reconnected in series and cycled normally, Cell 
B would overcharge on each subsequent cycle to ~150 mAh/g (and only 
discharge back to ~50 mAh/g) while Cell A would operate normally between 0 
and 100 mAh/g (Figure 61a). Although the total voltage profile for the 2 cells in 
series (orange) appears relatively unchanged after the offset, the individual cells 
deviate significantly from their normal profiles (Figure 61b). Over the course of 
50 cycles, however, the cells re-balanced, the potential profiles returned to their 
initial equilibrium state, and cycling continued normally, indicating that the self-
balancing chemistry in the ZnBr2 system is effective. 
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Figure 61. Self-balancing of series-connected ZnBr2 cells. (a) Schematic 
illustrating an experiment in which two cells, A and B, are connected in series 
and cycled while the stack potential is measured. The reference lead (Ref) placed 
at the Cell A/Cell B junction enables the individual cell potentials to be measured. 
The stack is charged to 100 mAh/g and discharged to 2 V for 100 cycles. After 
the initial cycles, the cells are intentionally offset so that Cell B overcharges on 
each subsequent cycle (Cell A is initially fully discharged and Cell B is pre-
charged to 50 mAh/g). A hypothetical example is shown where charge/discharge 
arrows show charge/discharge capacity and bars show additional charge 
dissipated due to the internal redox shuttles. Cell B rebalances after the offset due 
to increased internal self-discharge. (b) Outcome of the real self-balancing 
experiment with ZnBr2 pouch cells. The galvanostatic charge/discharge profile is 
shown for Cell A, Cell B, and the series A/B stack for the 100th cycle under 
normal conditions (dashed lines). Cells A and B reach slightly different voltages 
on the discharge due to both cells being charged to the same capacity despite Cell 
B having a 7.5% larger electrode.  The solid lines indicate the 1st, 25th and 50th 
cycles after the cells are intentionally offset.  The zoomed area of the end-of-
discharge for the GCD profiles of Cell A and Cell B shows that Cell A 
overdischarges and Cell B cannot complete its discharge plateau after the offset. 
The profiles gradually re-converge to the initial equilibrium state (note 50th cycle 
overlaps with initial dotted lines) due to self-balancing in the cell stack.  
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Using the CBPE bipolar pouch format with other aqueous electrochemical 
energy storage technologies will require different strategies to balance the 
individual cells. One approach to balancing a bipolar cell stack is to add redox 
shuttles to the electrolyte that become reduced or oxidized when a cell in the stack 
approaches an overcharge condition.31 The choice of the appropriate redox 
shuttle(s) will depend on the operating potentials of the electrodes and should be 
carefully considered when incorporated into a new system.  
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Conclusions 
The lack of viable cell designs and the need for low-cost, lightweight, and 
electrochemically stable current collectors is a major barrier to implementing 
high-power aqueous energy storage technologies. To address this problem, the 
heat-sealed bipolar pouch cell design with CBPE current collectors explored in 
this chapter offers a promising platform for constructing aqueous batteries, 
supercapacitors, pseudocapacitors, and redox ECs. The electrochemical inertness 
over a wide range of electrolyte chemistries and the simple assembly with low-
cost equipment and consumables make the system attractive for research 
applications. The pouch cells also use only commercially available materials and 
are easily modified to accommodate larger electrodes and different geometries, 
which is important for commercial development. The ZnBr2/TBABr cells deliver 
battery-level energy density, supercapacitor-level power density, long-term 
cycling stability, and slow self-discharge to provide a high-performance example 
of the effectiveness of the CBPE pouch cells with a challenging electrolyte. 
Based on these results, this cell architecture will find many applications in 
aqueous electrochemical energy storage. 
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Conclusion 
 
 
 
Summary 
All electrochemical energy storage research is based on compromise between 
competing properties. These properties include, but are not limited to: safety, 
power, energy, cycling stability, and cost. Currently, secondary batteries are used 
for energy-intensive applications and EDLCs are used for power-intensive 
applications. A typical off-the-shelf 18650 Li-ion battery and a typical off-the-
shelf 100 F EDLC both have approximately equivalent weight, volume, and cost. 
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The battery has excellent performance in the energy metric but only average 
performance in the other areas. The EDLC, on the other hand, has ideal 
characteristics in every metric except energy, which is exceptionally low (this in 
turn negatively impacts cost, as cost per unit energy is more important than cost 
per cell).  
This dissertation summarizes a team effort to understand and optimize redox 
ECs and other hybrid systems that combine the best aspects of batteries and 
EDLCs. Our challenge was to demonstrate excellent safety, power, energy, and 
cycling stability simultaneously in a single, low-cost device. At the beginning of 
this project, we decided that we would work only with standard activated carbon 
electrodes in aqueous electrolytes, and that all improvements to the system would 
come from engineering redox-active electrolytes. There were several advantages 
to this approach. Limiting the work to only one electrode composition kept the 
project focused, and using simple electrodes translates to simpler manufacturing 
and lower costs at later stages in the development of these technologies. 
Additionally, activated carbon electrodes have exceptionally high surface area, 
which provides power to the system, while soluble redox couples in the 
electrolyte offer faradaic charge storage, which provides energy to the system. 
This pairing eliminates the need for degradation-prone solid-state battery 
electrodes, improving cycling stability. Finally, the choice to use aqueous 
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electrolytes is important for safety, lowering the risk of fire and explosion that is 
a common concern with organic electrolytes.   
The fundamental problem with redox ECs is the high self-discharge rate 
caused by cross-diffusion of redox-active electrolytes in charged cells. This can 
be addressed with ion-selective separators, but the high cost of these materials is 
unacceptable. Therefore, we made another decision to use only non-selective 
paper separators and address the self-discharge issue with electrolyte 
engineering. Our first efforts to suppress self-discharge without ion-selective 
separators focused on a search for redox couples that would adsorb strongly to 
the activated carbon electrodes in the charged state. This approach produced an 
iodine-based single-redox EC, and later led to the identification of viologen 
bromide salts as promising redox-active electrolytes for dual-redox ECs (Chapter 
2). Detailed investigations revealed that for the viologen bromide system, there 
is an electroprecipitation mechanism occurring at both electrodes through which 
redox couples form solid complexes in the charged state that further limit self-
discharge (Chapter 3).†† After exploring this effect, non-redox-active 
                                         
†† This effect is similar to the strategy used by Type II electrochromic materials, 
which rely on reversible electroprecipitation of soluble redox couples to produce 
colored films on conductive glass. In this case, however, the substrate is a high-
surface-area porous carbon electrode rather than a two-dimensional window.   
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tetrabutylammonium bromide (TBABr) was was added to provide an improved 
complexing agent for the positive electrode, increasing the amount of viologen 
available for energy storage (Chapter 4). Finally, to demonstrate that solid 
complexation as a self-discharge suppression strategy is useful beyond the 
viologen bromide system, we developed a redox EC/battery hybrid with a 
ZnBr2/TBABr electrolyte (Chapter 5). Together, these efforts proved that it is 
possible to design high-performance redox ECs without ion-selective separators. 
In addition to self-discharge, the other major problem with redox ECs 
addressed by this dissertation is stability. Chapter 2 highlights the importance of 
highly reversible redox couples, and demonstrates that the heptyl viologen 
bromide system can cycle more than 20,000 times with negligible performance 
degradation. Chapter 3 identifies solid complexation of bromine as a critical 
component of cell stability, and shows that a pentyl viologen bromide cell not 
only has a long cycle life, but can also withstand cycling under reversed polarity. 
Chapter 4 gives a better mechanistic understanding of how bromine degrades 
activated carbon electrodes, and offers the TBABr complexing agent as a general 
solution to this problem. Chapter 5 examines the stability of other cell 
components (primarily current collectors) that corrode in aggressive aqueous 
electrolytes and prevent the scaling of redox ECs to practical sizes. The result is 
a bipolar pouch cell design with carbon/polymer composite current collectors that 
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enables stable operation of large-format pentyl viologen dibromide and 
ZnBr2/TBABr cells. Finally, it is shown that solid complexation contributes to 
stability at the pack/stack level by enabling redox-shuttles to develop when a cell 
is overcharged, preventing damage to series-connected cells.  
All of the electrochemical systems described in this dissertation were 
engineered to deliver a combination of excellent stability and slow self-discharge. 
Over the five years it took to complete the project, it was possible to improve 
both the power and energy density as well. Without changing the electrode design 
we gradually moved from an EDLC control chemistry to redox ECs, dual-redox 
ECs, and ultimately a redox EC/battery hybrid by modifying only the 
composition of the electrolyte. Each iteration realized a significant performance 
improvement over the last and ultimately produced systems competitive with 
commercial electrochemical energy storage technologies (Figure 62). 
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Figure 62. Progression of device-level power and energy density. The Ragone 
plot illustrates performance improvements over the course of the project for the 
systems that exhibited both slow self-discharge and long-term cycling stability. 
These systems include heptyl viologen (HVBr2, Chapter 2), pentyl viologen 
(PVBr2, Chapter 3), ethyl viologen with tetrabutylammonium bromide 
(EVBr2/TBA, Chapter 4), and zinc bromide with tetrabutylammonium bromide 
(ZnBr2/TBA, Chapter 5). An aqueous EDLC (Na2SO4 electrolyte) and a 
commercial organic EDLC (Maxwell) are included for reference. 
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Future Directions 
There are many potential avenues of research that would contribute to the 
development of improved redox ECs. For example, a redox EC must function 
over a wide temperature range, but most laboratory experiments are performed at 
25 ºC. Lower temperatures cause aqueous electrolytes to freeze or exhibit poor 
ionic conductivity and higher temperatures accelerate self-discharge and 
performance degradation, so new approaches are needed to solve these problems. 
Another outstanding issue is cost and use-case. It is not yet known which 
applications (electric forklifts, automotive engine start-stop, grid services, etc.) 
will benefit most from redox ECs. Cost modeling and market analysis will be 
instructive to identify the opportunities and problems researchers should be 
focused on. Similarly absent are reliable pack-level production cost estimates for 
new aqueous electrochemical energy storage technologies. As an example of 
potentially useful numbers, our preliminary cost and sensitivity analyses for a 
ZnBr2/TBABr cell in a CBPE bipolar pouch format are presented in Appendix 2.   
The simplest way to move a redox EC from the development stage into 
production is to find a low-cost system that can easily “drop-in” to an existing 
manufacturing process. This could mean finding redox couples to augment the 
lower-capacity activated carbon anode of Pb-carbon batteries, or making redox 
EC electrodes compatible with aqueous lithium or sodium ion batteries. It could 
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also mean moving beyond aqueous systems to find redox couples that operate in 
the acetonitrile or propylene carbonate electrolytes currently used for organic 
EDLCs.  
In order to achieve these goals, new redox species should be accessible using 
organic or inorganic synthetic chemistry. Recent work on designing organic 
molecules as aqueous redox couples for flow batteries has proven their properties 
to be highly tunable. Such designer couples could generate new high-
performance redox EC systems that address the self-discharge challenge and 
approach battery-level energy density while providing power and cycle life 
typically associated with EDLCs.  
For aqueous energy storage technologies that cannot easily drop-in to existing 
cell designs, further development of the CBPE pouch cell format is worthwhile. 
This format is currently optimized for freestanding electrodes, and it may be 
difficult to adapt it to other electrodes that are typically cast directly onto a current 
collector. One way to address this issue would be to coat electrodes onto either 
side of the separator in a roll-to-roll process, and then put this component into a 
heat-sealed pouch. Another way to modify the concept could involve eliminating 
the plastic spacer and the paper separator, and replacing both with a single 
microporous polyethylene separator. When heat-sealed between CBPE current 
collectors the pores of the separator would collapse, but only in the region of the 
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seal (Figure 63). If one of the four sides is left unsealed, there are two isolated 
pockets that can be filled with electrode slurries before sealing the final side. This 
would essentially be the inverse of the enveloping technique used to make many 
Pb-acid batteries now, but with the insertion of electrode slurries instead of plates 
and grids. 
 
 
Figure 63. Alternate CBPE pouch cell concept. This schematic shows how the 
separator and insulating plastic spacer could be integrated into one component by 
using a microporous polyethylene separator. The micropores of the polyethylene 
collapse in the region of the heat-seal, making that region impermeable to 
electrolyte and serving the same function typically addressed by the plastic 
spacer. This design gives simplified construction, better separation of the two 
sides of the cell, and better mechanical properties. It may also enable the use of 
binderless electrode slurries that fill the entirety of the two separated sealed 
compartments, instead of the typical freestanding electrode films/pellets that 
must be solid to avoid flowing around the edge of the separator and shorting the 
cell. 
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Finally, beyond the realm of engineering and performance optimization, many 
scientific questions remain surrounding redox ECs. For example, in these 
systems a better understanding of the electrode-electrolyte interface is needed. It 
is unknown to what degree the pore structure and surface chemistry of carbon 
electrodes influence the electroprecipitation mechanisms. Hydrophobicity and 
surface area appear to be critical, but other factors may contribute as well. The 
morphology of the solid complexes formed in the charged state is also an open 
question. Further investigation is needed to determine if the complexes deposit 
as monolayers, thin films, or aggregates. Such questions are difficult to answer, 
and will require the synthesis of new electrode materials, the investigation of 
more quaternary ammonium complexing agents, and the application of new 
electrochemical techniques. Ultimately, what is learned from these studies can be 
applied to catholytes other than bromide, anolytes other than the viologens, and 
electrochemical energy storage technologies other than redox ECs. 
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Appendix 1 
 
Electrochemical Model 
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Appendix 2 
 
Cell-level performance, cost, and sensitivity 
analysis 
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